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Electrical, optical and structural properties of low-dimensional
materials based on tungsten
Abstract
Substoichiometric tungsten oxides are an interesting class of materials, where defects
form periodic structures. These defects are called crystallographic shear (CS) planes
and depending on the type of the CS plane and the distance between them, they
can form tungsten suboxides with dierent stoichiometries. In this Thesis quasi-two-
dimensional substoichiometric tungsten oxide structures, which nucleate by epitaxial
growth on the W19O55 nanowires and grow as thin platelets, were identied. Both
the nanowires and the platelets accommodate oxygen deciency by formation of
crystallographic shear planes.
High resolution electron microscopy, X-ray photoelectron spectroscopy and X-ray
diraction were used for structural determination, Raman spectroscopy for vibra-
tional analysis, and optical absorption, Kelvin microscopy and scanning tunnelling
spectroscopy for elucidation of electric properties.
Stoichiometric phases, W18O53 (WO2.944), W17O50 (WO2.941), W16O47 (WO2.938),
W15O44 (WO2.933), W14O41 (WO2.929), W9O26 (WO2.889), and W10O29 (WO2.9), syn-
tactically grow inside a single platelet. Six of the seven identied phases were ob-
served for the rst time which were predicted more than 70 years ago. These platelet-
like crystals represent a new kind of polycrystallinity, where crystallographic shear
planes accommodate oxygen deciency and at the same time stabilize this multi-
stoichiometric structure.
Keywords: tungsten sub-oxides, nanomaterials, characterization, multi-
stoichiometric single crystal
PACs: 61.46.+w, 61.46.-w, 61.50.Nw, 61.05.-a, 33.20.Fb, 68.37.-d, 68.65.-
k

Elektri£ne, opti£ne in strukturne lastnosti nizko-dimenzionalnih
materialov na osnovi volframa
Izvle£ek
Podstehiometri£ni volframovi oksidi predstavljajo zanimivo vrsto materialov, kjer
se defekti uredijo v periodi£ne strukture. Omenjenim periodi£nim strukturam pra-
vimo kristalografske striºne ravnine. Glede na tip kristalografske striºne ravnine in
razdalje med njimi, te lahko tvorijo volframove okside z razli£nimi stehiometrijami.
V sklopu disertacije so bili identicirani kvazi dvodimenzionalni podstehiometri£ni
volframovi oksidi, ki epitaksialno rastejo na nanoºicah W19O55 kot tanke plo²£ice.
Tako nanoºice kot plo²£ice odpravljajo pomanjkanje kisika s tvorbo kristalografskih
striºnih ravnin.
Transmisijska elektronska mikroskopija, rentgenska fotoelektronska spektroskopija
in rentgenska pra²kovna difrakcija so bile uporabljene za dolo£itev strukture, Ra-
manska spektroskopija za analizo nihajnih na£inov snovi, UV-Vis spektroskopija,
Kelvinova tipalna mikroskopija in vrsti£na tunelska mikroskopija za dolo£itev elek-
tri£nih lastnosti.
Stehiometri£ne faze, W18O53 (WO2.944), W17O50 (WO2.941), W16O47 (WO2.938),
W15O44 (WO2.933), W14O41 (WO2.929), W9O26 (WO2.889) in W10O29 (WO2.9) sin-
takti£no rastejo znotraj ene same plo²£ice. est od sedmih stehiometrij je bilo prvi£
eksperimentalno opaºenih, £eprav so bile predvidene ºe pred skoraj 70 leti. Plo-
²£icam podobni kristali predstavljajo novo vrsto polikristalini£nosti, kjer kristalo-
grafske striºne ravnine odpravljajo pomanjkanje kisika in hkrati stabilizirajo to ve£
stehiometri£no strukturo.
Klju£ne besede: volframovi oksidi, nanomateriali, karakterizacija, multi-
stehiometri£ni kristali
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Tungsten minerals were already known in the Middle Ages but pure tungsten tri-
oxide wasn't synthesized until the 19th century [1]. Before 1920 tungsten was used
only as a steel alloying element, but by 1940 tungsten and its compounds already
had widespread application [1]. Nowadays tungsten is used in a wide variety of appli-
cations, especially tungsten trioxide, which is used in photochromic smart windows
[2, 3], in optoelectronics [4], gas sensing and photocatalysis [5], as supercapacitors
[6], as nanostructured thermoelectrics [7], etc. Due to its various applications, tung-
sten trioxide (Tungsten (VI) oxide, WO3) is one of the most investigated transition
metal oxides in terms of it's electrical, optical and structural properties.
It was in 1948, that Magnéli [8, 9] observed ordered structures containing dislocations
of atoms in tungsten oxides. These ordered structures were oxygen decient, and
dierent stoichiometries were predicted. Soon other reports followed, describing
dierent stoichiometries and dierent types of dislocations of atoms [10, 11, 12,
13]. Not long after the rst report published by Magnéli, it was discovered that
tungsten suboxides dier in most physical properties from WO3 and could be grown
in the form of nanowires, nanoplatelets and nanoparticles [14]. Their increased
conductivity, photochromic and catalytic properties, lower work function and the
ability to form nano-structured single crystals made them an interesting material in
recent years in the development of new sensors, eld emitters, electrochromic and
photochromic devices, solar cells, catalysts [14, 15, 16, 17].
Since the discovery of graphene in 2004 [18], the research in the eld of two-
dimensional materials has rapidly expanded. Physical and chemical properties of
two-dimensional materials dier from their bulk counterparts, and are being inves-
tigated for a wide range of applications. Aside from carbon allotropes, many other
elements and compounds, such as transition metal dichalcogenides and oxides, form
two-dimensional crystals [19].
The main goal of this Thesis was to probe electrical, optical, and structural prop-
erties of new WO3−x quasi-two-dimensional platelet-like nanomaterials synthesized
via the chemical vapour transport reaction. The new morphology of the synthesized




This Thesis is organized in ve chapters, with the rst one being the introduction. In
chapter 2, dierent experimental methods used within this Thesis are introduced. In
chapter 3, the literature overview of the electrical, optical, and structural properties
of tungsten oxide and tungsten sub-oxide materials is presented. In chapter 4, the
results of the performed experiments are presented and discussed. In chapter 5, the





Tungsten sub-oxide materials were prepared via the chemical vapour transport
(CVT) reaction [20], a method that is often used to prepare substoichiometric tung-
sten oxides [20, 21]. In our laboratory a closed system is used, where the precursor
(WO3), the transport agent (I2) and the catalyst (Ni) are sealed inside an evacuated
quartz tube (transport ampoule), Figure 2.1. The ampoule is then placed in a tem-
perature gradient for the duration of the synthesis. For the transport to take place,
all products formed by the transport reaction have to be gaseous under the reaction
conditions. The gas is transported due to diusion and convection from one part
of the ampule to the other. The mass transfer of gaseous compounds mainly takes
place due to the partial pressure gradient along the length of the ampule. For a
simple reaction
iA(s) + kB(g) −−⇀↽− jC(g), (R1)
where A(s) is the precursor, B(g) is the transport agent, and C(g) is the transport-
eective species, the transport rate, ṅ(A), of species A is calculated with the so









D · T 0.75 · q
s
· 2.4 · 10−3 [mol · h−1], (2.1)
where ṅ(A) is the transport rate of the chemical amount for condensed phase A, i, j
are stoichiometric coecients, ∆p(C) is the dierence of partial pressures for gas
species C, Σp is the total pressure in the transport ampoule, D is the mean diusion
coecient, T is the average temperature along the diusion path, q is the cross
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section of the diusion path, s the length of the diusion path, and t the transport
reaction time.
The direction of the mass transfer in a temperature gradient depends on the sign of
the enthalpy (∆rH0) and entropy (∆rS0). For small entropies of reaction, the mass
transfer depends on the sign of the enthalpy: for∆rH0 < 0 the reaction is exothermic
and the material is transported from the cold to the hot part of the ampoule, while
for ∆rH0 > 0 the reaction is endothermic and the material is transported from the
hot to the cold part of the ampoule.
The synthesis of WO3−x materials is an endothermic reaction [16, 20, 22], and thus
the synthesized material forms at the cooler end of the ampule, while the starting
material is at the hotter end.
Figure 2.1: A schematic representation of the gas motion inside a sealed ampule. For
an endothermic reaction the starting material would be at the higher temperature,
T2, and the transported material would be at the lower temperature, T1. Picture is
taken from [20].
2.2 Transmission electron microscopy
A transmission electron microscope (TEM) was used to image the materials at high
magnications. A high energy electron beam, which is transmitted through the
sample and focused on a detector, is modied throughout the whole length of the
microscope by a series of electromagnetic lenses and apertures, which determine the
operation mode of the microscope [23]. As the incident electron can be described as
a wave, its phase and amplitude will change due to the interaction with the sample.
The outcome is an image with dierent contrasts due to the change in amplitude
(amplitude contrast) or phase (phase contrast), but in most cases an image has the
components of both.
When the incident electrons interact with the sample, dierent signals can be gen-
erated, as schematically shown in Figure 2.2. In a TEM the transmitted electron
beam contains the information that is used to construct a TEM image or diraction
pattern (TED), which is schematically shown in Figure 2.2. There are two dierent
ways of looking at how an electron beam interacts with the specimen: the beam can
be considered as a succession of particles or as a number of waves. If we consider an
electron a particle, the probability to interact with an atom is dened by the inter-
action cross section, σatom, and the angular distribution of the scattered beam from
an atom is described by the dierential cross section, dσatom/dΩ. As the particle
16
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Figure 2.2: A) When a uniform intensity of electron falls on a thin specimen, the
scattering within the specimen changes the spatial and angular distribution of trans-
mitted electrons. This gives the contrast in TEM images; B) An incident beam of
electrons is transformed into several forward-scattered beams. The angular distri-
bution of scattering gives diraction patterns; C) A schematic representation of
dierent signals generated when high-energy electrons interact with a thin sample.
Pictures are taken from [23].
description has its drawbacks, the wave nature of the electron is used to describe
the interaction with the specimen and its outcomes. The simplest description of the
interaction of an electron wave with an atom is with the atomic-scattering factor,
f(θ). A measure of the amplitude of an electron wave scattered from an isolated
atom is represented with f(θ), while |f(θ)|2 is proportional to the scattered inten-







where i goes through all atoms in the cell, fi(θ) is the atomic-scattering factor
specic for every atom, (hkl) are Miller indices and (x,y,z ) positions of the atoms
in the unit cell. The structure factor is a measure of the amplitude scattered by a
unit cell.
In a transmission electron diraction (TED), sometimes also called selected-area
diraction, an array of bright spots is usually obtained. In the simplest model the
17
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incident electrons are treated as waves which form an incident wavefront which is
scattered by a plane of atoms to produce a scattered wavefront. The scattered
wavefront will also be a diracted wavefront if the atoms are scattering in phase,
which is determined by the angles between the incident beam, the diracted beam,
and the distance between the diracting planes [23]. The electron waves interfere
constructively if Bragg's law is satised [23, 24]:
nλ = 2d sin θB, (2.3)
where n is the order of the reection, λ is the wavelength of the electron beam, d
is the inter planar distance between atomic planes, and θB is the Bragg angle. In a
TED each bright spot corresponds to the diraction from a (hkl) plane.
As the electron wave passes through the specimen, its amplitude and its phase can
change and both types of change can give rise to image contrast. One is called
amplitude contrast and the other phase contrast. Although conditions are usually
set so that one contrast will dominate, in most situations, both types of contrast
actually contribute to the image.
In the amplitude contrast image, the contrast comes from the change in the am-
plitude of the incident wave i.e. some electrons are removed due to absorption or
scattering at high angles. There are two types of amplitude contrast - one is mass-
thickness contrast, where the contrast in the obtained image is correlated with the
mass and/or thickness of the sample; the second one is the diraction contrast,
which is special form of amplitude contrast where the scattering occurs at Bragg
angles.
A direct imaging of the atomic structure can also be achieved in a specialized TEM
imaging mode called high-resolution transmission electron microscopy (HRTEM).
As the phase of the electron wave contains a large part of the structural information
and we are unable to detect the phase directly, the microscope has to be tuned
in such a way that the phase is converted into amplitudes (i.e. contrast) at the
image plane. As the information is stored in the phase, the imaging mode is also
called phase contrast mode, and the contrast comes from the interference of the
diracted wave with the forward-scattered wave. For all TEM imaging modes, the
sample must be thin enough (≤ 100 nm) for the electrons to pass through, which
sometimes requires special sample preparation.
High resolution transmission electron microscopy (HRTEM) and TED images were
acquired with Cs probe-corrected TEM/STEM JEOL Atomic Resolution analytical
Microscope (ARM) 200CF equipped with a cold-eld emission gun electron source,
operated at 200 kV. Distances between atomic columns and angles between their
rows were measured using Digital Micrograph software. An accuracy of 0.4 Å in
distance and 0.5◦ in angle was achieved. All HRTEM images were ltered using the
Average Background Subtraction Filter method described in [25].
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2.3 Scanning electron microscopy
The morphology and the elemental composition of the prepared materials were ex-
amined with a scanning electron microscope (SEM). A SEM uses a focused electron
beam which is scanned across the surface of the sample [26]. Electrons accelerated
by voltages between 1 kV and 30 kV are focused on the surface of the sample as
they pass through a system of electromagnetic lenses and apertures. The beam is
horizontally and vertically scanned over the surface and from each point the signal
is collected and presented in an image.
Due to the interaction with the sample the incident electrons are elastically and/or
inelastically scattered and can exit the specimen as secondary electrons, Auger elec-
trons or backscattered electrons, which can be detected and presented as an image.
Most often the secondary electrons are used to examine the morphology of the sam-
ple, because they originate from the surface from a depth of a few 10 nm. The
energy of the secondary electrons is usually around from 2 to 5 eV, but also up to 50
eV where the border between secondary and backscattered electrons is selected by
convention [26]. Due to the inelastic scattering, characteristic X-rays are produced,
when an electron is ejected from an inner shell and an electron from the outer shell
lls its place. As each chemical element has its own characteristic X-ray pattern, the
elemental composition of the sample can be obtained. The most common technique
to detected X-rays is the energy-dispersive X-ray spectroscopy (EDS).
As mentioned before, samples for TEM analysis have to be thin enough for the
electrons to pass through and sometimes special sample preparation is required. So
in order to obtain a HRTEM image of a larger object, a TEM lamella has to be
prepared, in our case using a focused ion beam (FIB). Similar to a SEM, in a FIB
system, metal ions (in our case gallium) are ionized, accelerated up to 30 keV and
focused on the sample by electrostatic lenses. Due to the large momentum of the
gallium atoms, the sample atoms are removed (etched) from the surface and some
gallium atoms are implanted into the top few nanometers while also making the
sample surface amorphous. With precision etching and with the removal of the
amorphous layer with low energy ions a thin lamella can be obtained, suitable for
TEM. A SEM-FIB system is usually also equipped with a gas injection system where
gases with various metals, such as Trimethyl(methylcyclopentadienyl)platinum(IV),
which contains platinum atoms. The gas can be injected into the microscope cham-
ber, where it can be decomposed with the electron or ion beam, to form a thin metal
layer on the sample.
Scanning electron microscopy (SEM) images and cross-sections of the samples for
TEM analysis were made with Helios NanoLab 650 Focused Ion Beam (FIB) -
scanning electron microscope.
2.4 X-ray crystallography
X-ray crystallography uses X-ray diraction (XRD) to probe the crystal structure,
phase of the sample, size of crystallites and the sample purity. The information
19
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comes from the interference of scattered monochromatic X-rays on the atomic planes
of the sample. Constructive interference is obtained when Bragg's law 2.3 is sat-
ised, where λ is the wavelength of the monochromatic X-rays. During the XRD
measurement the intensity of the diracted X-rays is detected as the angle between
the source and the detector varies in a selected interval. As the dierence between
the incident and the diracted X-rays is 2θ, the obtained image is usually presented
as the intensity of the diracted beam as the function of 2θ. A wide variety of
samples can be analysed with XRD, from single crystals to polycrystalline powders,
amorphous samples and also liquid ones. The position of the peaks in the obtained
spectra is governed by the Bragg's law, while the intensity partially depends on the
crystal structure, partially on the chemical elements involved and partially on the
equipment used [24, 27].
The positions of the obtained peaks in the 2θ spectrum can be converted into d -
spacings, which can be then compared to the inter planar distance of a family of
planes denoted as (hkl). By knowing the crystal symmetry and with this also the
diraction rules, each peak can be assigned to its own (hkl) set. As each material has
its specic set of inter planar distances, the presence of dierent materials/phases
can be extracted from the measured spectra.
Once the XRD spectra has been indexed, each peak value is assigned to a (hkl). If
some discrepancies are present, the unit cell parameters, a, b, c, α, β, and γ, are








2θn(calculated) = 2 sin
−1(λ/2d). (2.5)
In the above equations d is the inter planar distance, which is calculated according
to the crystal system of the sample.
2.5 Atomic force microscopy
Atomic force microscopy (AFM) was used to accurately map the surface morphology
of the samples. Dierent types of AFM modes exist, from contact mode, tapping
mode to non-contact mode, each with additional submodes and dierent operation
types. In most cases a force-sensing cantilever with a sharp tip is scanned over
the surface. A laser beam is focused on the back side of the cantilever and it is
reected into a split photodiode. The dierence of the signal of the two parts of the
photodiode is caused by the cantilever deection which reveals the surface features
of the sample [28].
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At short sample-tip distances the van der Waals interactions dominate. The elec-
trostatic interaction also contributes and is present due to trapped charges on the
AFM tip, due to a voltage dierence between the sample and the tip, and due to
the dierence between the work function of the sample and the tip. When in con-
tact the forces are repulsive, but as the distance between the sample and the tip
increases, the forces become attractive. The most frequent potential used to model










where U0 is the depth of the potential well, r is the distance between the tip and
the sample, and Ra is the distance at which ULJ(r) is zero as show in Figure 2.3.
Figure 2.3: a) The Lennard-Jones potential in red as a function of the tip-sample
distance in Ra units. The green and the blue lines show the attractive and the
repulsive parts of the potential, respectively; b) The corresponding force when the
Lennard-Jones potential is used; The border between attractive and repulsive forces
(interactions) is indicated by the vertical dashed line. Picture is taken from [28].
The attractive forces are important in the non-contact mode, where the tip oscil-
lates a few Å above the surface [28]. Long range interaction, such as electrostatic,
magnetic, and capillary, also play an important role, especially in special operational
modes, where electrostatic or magnetic properties are probed at with an AFM.
Most often the AFM contact mode is used, where the tip is raster-scanned across
the surface. With a feedback loop a constant force (beam deection on the pho-
todiode) is maintained, and by adjusting the height of the scan table an image of
21
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the topography is obtained. As the tip is in contact with the surface, a low eec-
tive spring constant of the cantilever (≈ 0.1 N/m) is required. This is because the
forces expressed by the tip on the sample should be smaller than the eective spring
constant of the bonds between atoms, which are of the order of 10 N/m [28].
Another mode used in this Thesis, is the non-contact AFM (NC-AFM) mode, where
the cantilever oscillates near the surface of the sample. The amplitude modulated
and frequency modulated modes are the most common. In this regime, the attractive
forces act on the tip, which oscillates at few 100 kHz and only a few Å from the
surface. In the frequency modulated NC-AFM mode, the cantilever is excited to the
resonance frequency as shown in Figure 2.4. The distance between the sample and
the tip (i.e. the force acting on the tip), is set with the shift of the resonant frequency,
∆ω, which is measured from the oscillating signal on the photodiode and used in
the z axis feedback controller [28]. To obtain such high oscillation frequencies, stier
cantilevers are used with the eective spring constant being in the order of a few 10
N/m.
Figure 2.4: A schematic of the frequency modulated NC-AFM setup. Picture is
taken from [28].
2.6 Kelvin probe force microscopy
Kelvin probe force microscopy (KPFM) was used to determine the work function of
the material. With the KPFM the contact potential dierence (CPD), VCPD, which





(Φ1 − Φ2), (2.7)
where e is the elementary charge, and Φ1 and Φ2 are the work function of the tip and
sample, respectively. A schematic representation of the contact potential dierence
is shown in Figure 2.5. In the classical Kelvin method, two dierent metals are
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brought into contact, and due to the dierence in the work functions, an electric
charge with opposite sign will appear on each metal. The VCPD is equal to the
external bias, Vdc, when the current between the metals becomes zero.
In KPFM, a slightly dierent approach is used, where the tip and the sample form a
capacitor, with the tip oscillating with respect to the sample [28]. For this reason, the
KPFM can be used in combination with NC-AFM. The contact potential dierence
between the tip and sample will be the same, but the capacitance will vary due to the
oscillation of the tip. The electrostatic forces exhibited on the tip can be separated
from the van der Waals forces, and in that way the topographic and the CPD image
can be obtained simultaneously. The electrical (capacitive) force between the tip and
the sample can be written as the gradient of the potential energy of the capacitor,
which equals to [28]:








where C is the capacitance, z the distance between the tip and the sample, and V(t)
the applied bias. The bias is composed of a direct voltage, Vdc, which is measured
to obtain the VCPD, and an alternating modulation voltage Vac with the frequency
ωac , which is needed to extract the value of Vdc:
V (ωac) = Vdc + Vac sin(ωact). (2.9)
With the frequency modulated NC-AFM the oscillation frequency of the cantilever
changes due to the force gradient, so only the force gradient is detected and not the
force itself. By inserting the applied voltage 2.9 into equation 2.8, the electrostatic
force gradient can be separated into three parts:
∂Fel
∂z




























where 2.10 is the static term, 2.11 the term which oscillates at ωac and 2.12 the term
which oscillates at 2ωac. The modulation voltage Vac, the modulation frequency ωac,
and the direct voltage Vdc are produced with a lock-in amplier, which also extracts
the modulated signal from the signal of the photodiode. The term corresponding
to the modulation frequency is 2.11, and the lock-in amplier is set to minimize
this term. By adjusting the Vdc = VCPD, the 2.11 term vanishes, and the contact
potential dierence is obtained. The modulation voltage is usually between 0.5 V
and 1 V and the modulation frequency is between 1 kHz and 3 kHz.
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Figure 2.5: a) A schematic representation of the contact potential between two
metals; b) When the metals are brought into electrical contact, the Fermi energies
are on the same energy level; c) When a voltage of Vcomp is applied, the contact
potential dierence becomes zero. Picture is taken from [28].
We used the frequency modulated NC-AFM with the KPFM module of the Omicron
UHV AFM/STM microscope, operating at ≈ 10−10 mbar. ωac is set to 2 kHz. The
main resonance frequency of the cantilever is used for the topography measurement.
We used the NSG10/Pt (platinum coated) AFM tips that have an average resonant
frequency of 240 kHz and the average spring constant of 12 N/m.
2.7 Scanning tunnelling microscopy
Scanning tunnelling microscopy (STM) and scanning tunnelling spectroscopy (STS)
were used to examine the topography of the material and to determine its local
density of states (LDOS). As the name suggests, the main principle of operation
of a STM is the tunnelling eect of electrons through a potential barrier [28]. In
the simplest model the probability of nding the electron at the other side of the
potential barrier can be easily calculated from a one-dimensional time-independent
Schrödinger equation. In comparison with classical physics, the probability of an
electron with a lower energy than the potential barrier, is not zero. Although this is
the simplest model the scaling of the probability with the barrier width is obtained
- the probability of nding the electron at the other side of the potential barrier
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scales exponentially with the barrier width. Due to this, the distance between the
tip and the sample is usually only a few Å. As the electrical current is proportional
to the probability, the increase of 1 Å in the tip-sample distance usually results in a
current drop by a factor of 10 [28]. The tunnelling (electrical) current depends also
on the density of states (DOS), ρ(E), which is a distribution function describing the
number of electronic states of a system in an the energy range of E + δE. The LDOS
is dened as the DOS at a particular position on the sample. Depending on the sign
of the bias voltage, the electrons can tunnel from the tip to the sample (positive bias
on the sample) or from the sample to the tip (positive bias on the tip), Figure 2.6.
The electrons can only tunnel from occupied states into unoccupied states, Figure
2.6. A semiconductor is characterized with a band gap, where there are no empty
states, so the Fermi energy of the tip has to be above the conduction band minimum
or below the valence band maximum.
Figure 2.6: a) Electrons tunnel from the occupied states of the tip to the unoccupied
states of the sample, which is at a positive bias; b) Electrons tunnel from the occu-
pied states of the sample to the unoccupied states of the tip, which is at a positive
bias. Picture is taken from [28].
Due to high sensitivity of the tunnelling current on the interaction between the
closest two atoms on the tip and sample, the STM has a very high spatial resolution,
up to 1 Å in the lateral and 0.1 Å in the vertical direction.
Similarly to other techniques, dierent operational STM modes exist, with the con-
stant current and constant height mode being the most used. In constant current
mode, a current setpoint is set and a feedback loop, connected to the piezoelectric
stage, adjusts the tip-sample distance during the x-y raster scan. The STM image
obtained with this method shows the movement of the piezoelectric stage in the ver-
tical direction over the scanned area. In the constant height mode, a height setpoint
is set and in the obtained image the current value is presented at each point of the
scanned area.
While scanning the surface of the sample, a STS can be performed, which allows to
measure the spatial and energy dependence of the LDOS, by measuring the current-
to-voltage characteristic of the tunnelling junction. In the simplest model, the DOS
of the tip are voltage independent and the dierential conductance, dI/dV is pro-





∝ ρsample(eV ). (2.13)
STM and STS measurements were performed with the Omicron UHV AFM/STM
microscope operating at ≈ 10−10 mbar. Sharp Pt-Ir tips were used for the experi-
ments. Samples were dispersed in isopropanol and drop casted on highly oriented
pyrolytic graphite (HOPG).
2.8 Raman spectroscopy
Raman spectroscopy measurements were used to determine the vibrational modes
of the materials. In Raman spectroscopy the light that is inelastically scattered
due to the interaction with the vibrational and/or rotational states [29] is detected
while the Rayleigh (elastically scattered) scattered light is ltered out. A classical
treatment of the incident light and the materials can provide useful information,
especially the frequency dependence of the re-emitted light.
The relationship in the following equation is used to calculate the frequency-dependent
linear induced dipole moment p:
p = α · E, (2.14)
where α is the polarizability tensor and E is the electric eld vector of the incident
monochromatic light with the frequency ω1. The frequency dependency of the dipole
moment arises due to the molecular vibrational frequency dependent polarizability
tensor. If we consider only one molecule which vibrates but does not rotate, then
we can expand each component αij of the polarizability tensor in a Taylor series
with respect to the normal coordinates of vibration Qk which are associated with
the molecular vibrational frequencies ωk. In the rst order one gets:












where (α′ij)k are components of the derived polarizability tensor, where each com-
ponent is the polarizability derivative with respect to the normal coordinate Qk.
By taking into account only one normal mode (at one frequency) the polarizability
tensor can be written as
αk = α0 +α
′
kQk. (2.16)
If we assume harmonic motion of the molecular vibration, then the time dependence
of the normal coordinate can be written as:
26
2.8. Raman spectroscopy
Qk = Qk0 cos(ωkt+ δk), (2.17)
where ωk is the frequency, δk as phase factor, and Qk0 the amplitude. Similarly, we
can write the time dependence of the of the electric eld:
E = E0 cos(ω1t), (2.18)
where ω1 is the frequency of the incident light and E0 the amplitude. By inserting
equations 2.16, 2.17, and 2.18 into equation 2.14 we obtain
p = α0E0 cos(ω1t) +α
′
kE0Qk0 cos(ωkt+ δk) cos(ω1t), (2.19)
which can be reformulated into the form:
p = p(ω1) + p(ω1 + ωk) + p(ω1 − ωk). (2.20)
From equation 2.20 it can be seen that the linear induced electric dipole has three
distinct frequencies. The p(ω1) represents the Rayleigh scattering as the irradiated
photon has the frequency ω1, while the p(ω1 + ωk) and p(ω1 − ωk) represent anti-
Stokes and Stokes Raman scattering, as the irradiated photon frequency is ω1 + ωk
and ω1 − ωk respectively. Schematically this process is shown in Figure 2.7. If
after the interaction of the photon the molecule is not vibrating (ωk=0) the induced
electric dipole has only one frequency component which is the same as the incident
radiation (ω1), Figure 2.7-a. If the molecule is vibrating (ωk ̸= 0) then the induced
electric dipole has three frequency components (ω1, ω1 + ωk, and ω1 − ωk), Figure
2.7-b. The rearrangement of the electron together with nuclear motion impose a
harmonic variation on the polarizability.
Raman method is used not only to determine the vibrational modes of the material
but also to distinguish between dierent materials as it is non-destructive and highly
sensitive. Although Raman scattering is very weak, with recent advances in CCD
detectors and optical lters, the method has become widely used. The samples in
the Thesis were examined with Micro Raman spectroscopy (MRS) using a WITec
Alpha 300 RS scanning confocal Raman microscope in backscattered geometry with
a polarized Nd: YAG laser operating at the 532 nm wavelength. The laser beam was
focused through a 100x/0.9 microscope objective on an area smaller than 1 µm2.
The power of the laser at the sample was approximately 1 mW. It was experimen-
tally determined that this is the optimal power for avoiding damage or oxidation of
the WO3−x samples. Raman spectra were recorded on multiple samples with the
polarization of the laser light perpendicular and parallel to the longer axis. The
samples were drop casted onto chromium coated microscope glass slides.
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Figure 2.7: Time dependence of the linear induced dipoles produced by electro-
magnetic radiation of frequency ω1: (a) the scattering molecule is not vibrating,
ωk=0, and the dipole moment is vibrating with the frequency ω1; (b) the scattering
molecule is vibrating, ωk ̸= 0, and the dipole moment is vibrating with the frequency
ω1, ω1 + ωk, and ω1 − ωk. Picture is taken from [29].
2.9 Ultraviolet-visible spectroscopy
Ultraviolet-visible spectroscopy (UV-Vis) was used to measure the extinction prop-
erties of the material as well as the optical band gap. UV-Vis is an absorption or
reectance spectroscopy where the absorbance or reectance of the sample is mea-
sured in a wide range of wavelengths, usually raging from ultraviolet at 170 nm up
to infrared at 3300 nm.
Light is absorbed in the sample when the energy of the incident light matches an
allowed transition of a molecule within the sample [30]. As UV-Vis measurements
are usually made with the sample being dispersed in a medium, the absorption
of the medium also has to be taken into consideration. The transitions can occur
between electronic, vibrational or rotational states of a molecule [30]. The electronic
transitions usually require energies of a few eV (UV and visible part of the spectrum),
while the vibrational and rotational transitions require only a few 100 meV (infrared
part of the spectrum). One would expect sharp peaks in a UV-Vis spectrum, as all
electronic transitions require a xed amount of energy, but UV-Vis spectra usually
only have a few broad peaks. This is due to superimposed vibrational and rotational
states on the electronic states. In Figure 2.8, superimposed vibrational states on two
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electronic states are shown. Instead of a sharp peak, due to the electronic transition
from S0 to S1 a wider peak with multiple minor peaks is observed. Usually the minor
vibrational peaks are not observed directly, but can be distinguished with the use
of derivative spectroscopy [30].
Figure 2.8: Superimposed vibrational states on two electronic states. The eect of
vibrational states on absorbance (A), uorescence (F) and phosphorescence (Ph) is
shown. Picture is taken from [30].
When light is absorbed in the material, the initial energy ux density, j0, decreases
exponentially with the distance z :
j = j0e
−µz, (2.21)
where µ is the absorption coecient that is wavelength dependent. The Beer-






where ϵ is the extinction coecient, c the concentration of the light-absorbing sub-
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stance and L the light path length through the sample.
As light passes through the sample, it is not only absorbed but also scattered and
reected, which can produce unwanted peaks in the absorption. This can be avoided
by using an integrating sphere, where all scattered and reected light is focused on
the detector and pure absorption eects are measured. The spectra, where the
integrating sphere is used are called absorption spectra, while when the integrating
sphere is not used, the obtained spectra are called extinction spectra [31].
UV-Vis was performed using a PerkinElmer Lambda 950 spectrometer. The sample
was dispersed in isopropanol and measured inside quartz cuvettes, to reduce the
absorption of UV light.
2.10 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was used to examine the composition of
the samples as well as the presence of dierent oxidation states of the atoms. The
simplest explanation of the photoelectron eect is the ejection of the electron by a
photon. When the photon is annihilated during the photon-electron interaction, the
energy of the photon is transferred to the electron. For energies above the binding
energy, the electron is ejected from the atom and its kinetic energy is measured. If
the energy of the incident photon is known and monochromatic, the kinetic energy
of the ejected electrons will vary due to the discrete nature of the electron binding
energy, which is specic to every element and also to the environment [32]. A
schematic of the photoelectron eect is shown in Figure 2.9-a), where an electron is
emitted from an oxygen O 1s core level. XPS is a surface spectroscopy, where only
the topmost 10 nm can be analysed, due to the short path before the photoelectron
is inelastically scattered.
XPS analysis was carried out on a PHI-TFA XPS spectrometer (Physical Electronics
Inc.). The analysed area was 0.4 mm in diameter and about 35 nm in depth. Sample
surface was excited by X-ray radiation from a monochromatic Al source with the
photon energy of 1,486.6 eV. The spectra were acquired with an energy resolution
of about 1.0 eV with an analyser pass energy of 58 eV. The analysis was performed
on multiple WO3−x platelets deposited on carbon tape without grinding.
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Figure 2.9: (a) Schematic of the photoelectron eect with electronic energy levels
of oxygen; (b) An example of XPS spectra of oxidized silicon; (c) Basic elements of







Tungsten (VI) oxide (WO3) is one of the best investigated transition metal oxides
due to its various application in photochromic smart windows [2, 3], in optoelectron-
ics [4], gas sensing and photocatalysis [5], as supercapacitors [6], as nanostructured
thermoelectrics [7], etc. The WO3 forms a rich variety of crystal structures com-
posed of corner and edge sharing WO6 octahedra, which dier in tilting angles,
displacements of W cation from the centre of the octahedron, and rotation of WO6
octahedra with respect to ideal cubic (ReO3 type) structure as seen in Figure 3.1
[14, 33].
Figure 3.1: a) Temperature range of dierent type of polymorphs of WO3. Picture
is taken from [33]. The WO6 octahedron with the W atom (gray) and O atoms (red)
is shown in b) and in c), where edges and face planes are shown.
In bulk, partially reversible inter-phase transformations occur upon heating, from
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monoclinic II (ϵ-WO3) structure stable below -43 ◦C, via triclinic (δ-WO3) (-43 ◦C
to 17 ◦C), monoclinic I (γ-WO3) (17 ◦C to 330 ◦C), orthorhombic (β-WO3) (330 ◦C
to 740 ◦C), and tetragonal (α-WO3) phase stable above 740 ◦C [34]. In addition, a
metastable hexagonal (h-WO3) phase was reported, which by annealing transforms
to a monoclinic structure at 400 ◦C [35]. At nanoscale, the orthorhombic phase
is already stable at room temperature and other phase transitions occur at lower
temperatures than in the bulk state [36]. Decrease of phase transition temperature
depends on size of WO3 nanoparticles [37]. Dierent particular particle shapes
were obtained in various growth techniques, as pseudo-spherical nanometre-sized
particles, nanowires, nano-discs and akes [38].
Recently, two-dimensional (2D) nanostructures including 2D-WO3, have attracted
a lot of attention among researchers due to novel physical and chemical proper-
ties, which dier from their bulk counterparts. High surface area, appearance of
crystalline planes/surfaces which are not available in bulk materials, and stability
of crystal phases declared as metastable in bulk systems are just some of the ex-
amples. The rst WO3 crystals with plate-like shape were prepared using a wet
chemical route from H2WO4·H2O precursor crystals with poly (ethylene glycol) as
the surface modulator, which inhibited crystal growth in the [010] direction [39].
Other methods, such as topochemical conversion, aqueous synthesis and free tem-
plate precipitation method, were also developed to obtain low-dimensional WO3
materials such as nanoplatelets and nanosheets [14, 40, 41, 42].
Besides stoichiometric WO3, many substoichiometric WO3−x phases exist, where
0 ≤ x ≤ 1. The stoichiometric WO3 can be reduced with dierent techniques such
as chemical vapor transport (CVT) [16], heating under controlled atmosphere [43, 44]
and electron beam irradiation in a TEM microscope [44, 45]. The substoichiometric
WO3−x, also called tungsten suboxides, grow in dierent structures in a form of lms
[46], needles [47], nanowires [16], nanorods [48] and nanodots [49]. The tungsten
suboxides crystallize in similar structures as tungsten bronzes with a general formula
AxWO3, where A is an electropositive element [50, 51]. While in the tungsten
bronzes W5+ state appears due to the presence of the electropositive element, in
WO3−x it occurs through the intrinsic oxygen vacancies.
It has been shown [43] that even when x in substoichiometric WO3−x is less than
0.0001, the oxygen atoms are not removed randomly but form ordered structures.
Within the material, crystallographic shear (CS) planes, pentagonal columns (PC),
and oxygen vacancy walls (OVW) are formed to accommodate the oxygen vacancies,
as shown in Figure 3.2. The term, crystallographic shear, comes from the virtual
shearing of two adjacent blocks of WO3. If we consider an example, where the
oxygen atoms are removed from the (102) plane, then one block moves in the [1̄01]
direction for d/
√
2, where d is the inter-atomic spacing. With this, the octahedral
coordination of the metal atom is preserved and some of the corner sharing WO6
octahedra become edge sharing octahedra [9] as seen in Figure 3.2. A single CS
plane is also called a Wadsley defect, but an array of equally spaced CS planes form
a WO3−x crystal with a dened stoichiometry. The tungsten suboxides are often
referred as Magneli phases. While CS planes are observed in a less reduced WO3−x
(x ≤ 0.2), PC structures form only in more reduced WO3−x (x ≥ 0.2). The PC are
periodic structures of WO7 bipyramids that share their equatorial edges with WO6
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octahedra [52]. Within structures with PC, three-, four-, ve- and six-sided tunnels
can also form as in the case of W18O49 or W5O14 [8, 16, 53]. Although oxygen
vacancy walls (OVW) were proposed as the precursors of CS planes, there are very
few articles, where they were experimentally observed [54]. The abundance of CS
planes and PCs largely depends on the degree of reduction.
Figure 3.2: Ideal representations of the [010] zone of: a) W11O32 containing {102}r
CS planes; b) W15O43 containing {103}r CS planes; c) a single {001}r CS plane; d)
the structure of W18O49 with PC formations. Pictures are taken from [53, 55].
The CS planes can be described in terms of {hkl}r planes of WO3, which crystal-
lizes in the ReO3 type structure [11]. It was experimentally determined that when
reducing WO3, the rst to form are {102}r CS planes [55]. At small values of x in
WO3−x, the {102}r CS planes are randomly distributed. With increasing the degree
of reduction (i.e. increasing x ) the density of CS planes increases and they start
to form ordered arrays, which form the WnO3n−1 tungsten suboxides. At values of
x approaching 0.1, the formation of {103}r CS planes starts to become favourable
over the formation of {102}r CS planes, forming the WnO3n−2 tungsten suboxides.
In the case of {102}r CS planes, four WO6 octahedra share the same edge, while
with {103}r CS planes the number of edge sharing octahedra increases to six, Figure
3.2. Beside {102}r and {103}r CS planes, only the {001}r CS planes were observed
[54, 56]. It was theorized that higher index CS planes (i.e. {104}r, {105}r, ...
{10n}r) could exist in the tungsten-oxygen system but until now there is no ex-
perimental evidence that they exist [55]. By increasing x and thus removing more
oxygen atoms from the crystal structure, PC with equatorial edge and face sharing
WO6 octahedra emerge as in the case of W18O49 and W5O14 [16, 57, 58, 59]. There
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is no clear boundary when {102}r CS planes are replaced with {103}r CS planes
and when PCs overtake the CS planes. In most cases, {102}r and {103}r CS planes
coexist, forming blocks with dierent stoichiometry. The PCs start to form, when
the CS planes cannot compensate the lack of oxygen atoms and at certain degrees of
reduction coexist with CS planes. All of the {102}r crystallize in a monoclinic unit
cell with the P2/a symmetry, while the {103}r crystallize in a monoclinic unit cell
with the P2/m symmetry [9]. The representation of the [010] zone of W18O49 with
PC is shown in Figure 3.2-d). Tungsten suboxides were thoroughly studied in the
past with XRD and HRTEM, but only few phases with known stoichiometry were
directly observed. In Table 3.2 and 3.1 all known stoichiometries are presented. Usu-
ally the spacing between CS planes in a single crystal is not uniform and thus most
of the presented stoichiometries represent an average stoichiometry of the studied
sample.
Table 3.1: Known WO3−x stoichiometries with PC, HC and {001} CS planes
Stoichiometry Building unit Ref.
W2O5 WO2.500 {001}r [54]
W32O84 WO2.625 PC [60]
W3O8 WO2.667 PC [61]
W18O49 WO2.722 HC, PC [8, 53]
W4O11 WO2.750 OVW [54]
W17O47 WO2.765 PC [47]
W5O14 WO2.800 HC, PC [16]
W5O14 WO2.800 {001}r [62]
W12O34 WO2.833 PC [52]
To describe the HRTEM images and to calculate unit cell parameters, a model for
the positions of the tungsten atoms was developed by Magneli [9]. For the sake of
this Thesis and due to multiple publications on molybdenum/tungsten suboxides
[9, 68, 69] only the model for puckered structures with the monoclinic WnO3n−1 will
be described.
It has been shown [9] that this simple model can be used to describe positions of
tungsten atoms in {102}r molybdenum-tungsten suboxides. The base of the model
are WO6 octahedra with two assumptions: a) the metal-atom positions within the
blocks are arranged as in an ideal ReO3-type structure; b) the distances between
metal atoms (e) of the octahedra joined by edges is exceeding the distance d/
√
2
valid for regular octahedra due to the repulsion. This is schematically shown in
Figure 3.3. A parameter δ, which is dened as
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Table 3.2: Known WO3−x stoichiometries with {102} and {103} CS planes
Stoichiometry CS plane Series Ref.
W14O41 WO2.929 {102}r WnO3n−1 [11]
W20O59 WO2.950 {102}r WnO3n−1 [12]
W22O65 WO2.955 {102}r WnO3n−1 [11]
W25O74 WO2.960 {102}r WnO3n−1 [10]
W29O86 WO2.966 {102}r WnO3n−1 [11]
W30O89 WO2.967 {102}r WnO3n−1 [11]
W10O28 WO2.800 {103}r WnO3n−2 [13]
W12O34 WO2.833 {103}r WnO3n−2 [50]
W15O43 WO2.867 {103}r WnO3n−2 [11]
W16O46 WO2.875 {103}r WnO3n−2 [53]
W18O52 WO2.889 {103}r WnO3n−2 [11]
W19O55 WO2.895 {103}r WnO3n−2 [13]
W20O58 WO2.900 {103}r WnO3n−2 [63, 64]
W21O61 WO2.905 {103}r WnO3n−2 [13]
W22O64 WO2.909 {103}r WnO3n−2 [50]
W24O70 WO2.917 {103}r WnO3n−2 [11, 65]
W25O73 WO2.920 {103}r WnO3n−2 [66]
W26O76 WO2.923 {103}r WnO3n−2 [11]
W27O79 WO2.926 {103}r WnO3n−2 [11]
W28O82 WO2.929 {103}r WnO3n−2 [11]
W29O85 WO2.931 {103}r WnO3n−2 [11]
W40O118 WO2.950 {103}r WnO3n−2 [67]








is used to describe the dierence in the bond lengths between the metal atoms in
the border region. The number of atoms inside a block, n, is formulated as
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n = (m+ 1)p+ q, (3.2)
where p and q are integers. For the puckered structures q can have values -1, 0 or
1, and m = 2. The monoclinic angle β was written as
β = β′ + β′′, (3.3)
where β' and β represent the slopes of the c and a axis against the diagonal of the
basic ReO3-type structure, as seen in Figure 3.3.
Figure 3.3: a) The border region of two ReO3-type blocks with the a and c axis
marked. The open circles represent metal atoms in regular WO6 octahedra whereas
the black ones represent metal atoms when the repulsion between metal atoms is
taken into consideration; b) An ideal ReO3-type structure. The metal atoms are
represented by small black circles and oxygen atoms by large circles. The WO6
octahedra are joined by sharing corners. c) The atom arrangement for WnO3n−1
with the metal atoms puckered. The displacement of the metal atoms is indicated
by the vertical and horizontal shading of the small circles. Pictures taken from [9].









(2p− 1 + δ)2 + (6p− 2n− 2− δ)2, (3.6)
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β = β′ + β′′, (3.7)
β′ = arctan
(︂2n+ 2− 6p+ δ







where a, b, and c are the unit cell parameters and β the monoclinic angle. In each
unit cell there are 2 WnO3n−1 atoms. The positions of 2(e) and 4(g) metal atoms
are
xi = j
d sin(β′ + 45◦)










d sin(β′′ − 45◦)





0, 2, 4, ..., (n− 1) for n is odd




0 for n is even




+1 for i = imax, imax − 1, imax − 3, imax − 5, ...
−1, for i = imax − 2, imax − 4, imax − 6, ...
(3.14)
where ν is a small positive number (ν ≈ 0.1) and imax is the number of metal
atoms in a single unit cell. The puckered nature of the structure is seen in the yi
coordinates, as tungsten atoms are not all in the same plane. Each tungsten atom
is displaced by the factor ν from the center of the octahedra, as indicated by the
vertical and horizontal shading of the small circles in Figure 3.3.
Many of the rst WO3−x phases were discovered using XRD [9, 21, 60]. But due to
very small dierences in unit cell parameters between phases it became clear that
determining a phase from an X-ray diraction was dicult [21], as the dierent CS
phases vary only in the c axis and little in the a and b axis. Usually only (hk0)
peaks were strong enough to be indexed [21]. To determine the tungsten suboxide
phase from a powder XRD, diraction peaks at low 2θ angles should be visible,
where there are only (h00) peaks.
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3.2 Raman spectroscopy
Raman spectra of the tungsten-oxygen system can be interpreted using the diatomic
approximation, where each metal-oxygen in the material is vibrationally indepen-
dent. The spectra can be divided into three frequency regions, representing dierent
vibrational modes. Below 200 cm−1 the peaks are associated with relative transla-
tional or rotational motions of WO6 octahedral units in the same unit cell (lattice
modes), between 200 and 400 cm−1 the peaks are associated with W-O bending
modes, while in the range between 600 and 900 cm−1 the peaks are assigned to W-O
stretching modes [70, 71].
Figure 3.4: a) Raman spectrum of the monoclinic WO3 with the table of wavenum-
bers and relative amplitudes; b) Visual representation of the normal coordinates
(vibrational modes) for the tetragonal WO3. Pictures are taken from [72, 73].
The tungsten suboxides can also form hydrates and terminal W=O bonds, which
manifest as peaks between 300 and 400 cm−1 and around 950 cm−1, respectively
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[58, 71]. The double bond (W=O) character arises from the interaction of the OH2
molecule with the tungsten atom. Detailed experimental and theoretical studies on
various phases of WO3 were performed in the past [72, 73]. A spectra of the WO3
monoclinic phase, which is stable at room temperature, is presented in Figure 3.4
with the attributed modes.
Figure 3.5: Raman spectra of dierent WO3−x: Oxidation with increasing laser
power of a) W18O49 and b) W20O58; c) Raman spectra obtained on W4O11 (spectrum
d); Reduction of W18O49 to WO2 with time in a reductive atmosphere (numbers
above the spectra is the reduction time in minutes). Pictures are taken from [58,
74, 75, 76].
The most intense peaks at 807 and 717 cm−1 are characteristic for WO3 and are
attributed to the W-O stretching modes, while the 273 cm−1 mode is assigned to
the W-O bending mode. Raman spectroscopy measurements on WO3−x phases were
performed on various nanowires [74, 77, 78] and nanoparticles [79], but due to the
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diculty of obtaining pure WO3−x phases, Raman spectra of only a handful known
stoichiometries were published, such as W18O49 [74, 79], W20O58 [58, 75] and W4O11
[76]. Raman spectra of W18O49 [74, 79], Figure 3.5, has only two broad bands located
at 100 cm−1 to 400 cm−1 and 600 cm−1 to 900 cm−1. The broad peaks indicate a
wide range of W-O bonds, which is characteristic for the W18O49 structure [80]. On
the other hand the Raman spectra of W20O58 and W4O11, corresponding to {103}r
and {102}r CS planes respectively, show distinctive peaks as seen in Figure 3.5.
As most of the nanomaterials, also WO3−x nanowires and nanoparticles are prone
to oxidation during Raman measurements. The W18O49 and W20O58 nanowires will
oxidize in air into WO3 just by increasing the laser power due to their lowered
thermal conductance [74, 75], as seen in Figure 3.5. Both materials show signs of
oxidation already at the laser power of 2 mW. At higher laser powers both materials
oxidize into WO3. These materials can be also reduced to WO2 at elevated tem-
peratures (840 ◦) and reductive atmospheres (1 % H2 / 99 % N2 gas). A reduction
process observed with Raman spectroscopy is shown in Figure 3.5, where the peaks
attributed to WO2 appear after only 5 minutes.
Figure 3.6: Bond length - stretching mode wavenumber correlation in the tungsten-
oxygen systen. Picture is taken from [70].
An approximate Raman stretching mode wavenumber (Raman shift > 400 cm−1),
ν in cm−1, can be obtained from the following empirical relationship [70]:
ν = 25823 exp(−1.902R), (3.15)
where R is the W-O bond length in Angstroms. The standard deviation of the
estimation of the W-O bond length is 0.034 Å. As it can be seen from 3.15, the
shorter the bond the bigger is the Raman shift. For WO3, the W-O bond length
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assigned to the Raman shift of 809 cm−1 is equal to 1.82 Å while the bond length
assigned to the 718 cm−1 mode is equal to 1.88 Å.
3.3 X-ray photoelectron spectroscopy
XPS analysis is a useful tool to determine the presence of WO3−x phases. In a pure
crystal of WO3 only the 6+ oxidation states of the tungsten atom are observed,
as for the reduced WO3−x, 5+ oxidation states are also observed [81, 82, 83]. In
both cases, the most intense peaks correspond to the W 4f7/2 and W 4f5/2 core level
emissions from the W6+. The peaks form a doublet with the spin-orbit splitting
energy of 2.1 - 2.2 eV [81, 83]. The contribution of the W 5p3/2 is small as it is
visible as a weak broad peak at around 42 eV [84]. The emission peaks from W
4f7/2, W 4f5/2, W 5p3/2 for the W5+ oxidation state are shifted, regarding to the
W6+ due to the chemical shift [85]. The peak positions for both oxidation states are
shown in Table 3.3. Peaks assigned to W4+ or metallic tungsten are not found in
substoichiometric tungsten oxides [16].
Table 3.3: XPS peak positions for W 4f, W 5p, and O 1s peaks. Numerical values
are compiled from [16]















O2− 1 s 530.6
W-O bond in CS planes, C-O 1 s 532.0
OH-group, C=O, C-O-C, C-O-H, H2O 1 s 533.2
The photoelectron emission occurs also from the oxygen O 1s states, where the
spectrum is usually composed of three peaks. The peak at the lowest photoelec-
tron energy corresponds to the bond between O2− and W6+, arising from the WO6
octahedra situated between CS planes. The other two peaks, which correspond to
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photoelectrons with a higher energy, are attributed to the W-O bonds in the CS
planes and C-O bond of adsorbed molecules [16]. The peaks were also attributed
to OH-groups, H2O, C=O, C-O-C and C-O-H bonds, which could be present on
the surface of WO3−x particles [83]. Due to the high surface sensitivity of XPS, it
is hard to determine the exact stoichiometry only from XPS measurements. If the
surface of the sample is cleaned with argon etching, the oxygen is removed from the
material and only the pure tungsten signal in the W 4f spectra is observed [81].
3.4 Electrical properties
WO3 is a semiconductor with the optical band gap values raging from 2.5 to 3.2
eV [86]. For the monoclinic WO3 the optical band gap is approximately 2.6 eV
[87, 88, 89]. The band gap value and the band structure strongly depend on the
structure of the WO3 [86]. Simulations have shown, that multiple eects, such as
spin-orbit and electron-phonon interaction and the exciton binding energy, also have
to be considered when calculating band gap values [90]. Even though it is considered
that WO3 has an indirect gap [88, 89], some measurements point to a direct gap [87].
This may be explained with recent theoretical calculations that found only minor
energy dierences between the indirect and direct minimum gap in WO3 [86, 90].
The valence band in WO3 structures consists of O 2p states, while the conduction
band consists of W 5d states [91]. In the case of room-temperature monoclinic WO3
the at valence band indicates a large eective mass for the electron holes, while
the high dissipative characteristic of the conduction band along the corresponding
symmetry points indicates a low eective mass of the electrons [86]. Experimentally
it has been observed that the band gap generally increases when the dimensions of
the crystals are reduced. This is observed as a blue shift of the optical absorption
bandedge and it is widely accepted that this eect is due to quantum connement
[14].
The electrical conduction of n-type metal oxide semiconductors depends on the
concentration of free electrons in the conduction band. The concentration of free
electrons is mainly determined by the concentration of defects, such as oxygen va-
cancies [92], which manifests in a large range of conductivities from 10 S cm−1 to
10−4 S cm−1. Structural factors, such as size and morphology, and the concentration
of dopants also aect the conductivity of WO3 crystals [14].
Although the WO3 is a semiconductor, various WO3−x show metallic properties
[16, 17, 80, 93, 94, 95, 96, 97]. Simulations have shown that oxygen vacancies act
as shallow donor states in WO3, which could explain the increased conductivity of
oxygen decient WO3 samples [93, 95]. Simulations on stoichiometric WO3−x have
shown that in all cases the materials display metal-like energy bands [80, 96, 98, 99].
For x ≤ 0.1, the Fermi level is only partially inside the conduction band, while for
x ≥ 0.1 the Fermi level is inside the conduction band through the whole Brillouin
zone. This is in agreement with experimental results, where the WO3−x for x ≤
0.1 act as metals only at lower temperatures, while for x ≥ 0.1 the materials act as
metals regardless of the temperature [16, 17, 94], Figure 3.7. The conductivity and
the charge carrier concentration increase with increasing x.
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Figure 3.7: a) Band structure and the density of states of room temperature mono-
clinic WO3 and W5O14. Zero at the energy scale corresponds to the Fermi energy;
b) Conductivity as a function of 1/T for WO3 and WO3−x. Pictures taken from
[17, 96].
Due a wide assortment of morphologies, from nanowires and nanoparticles to large
single crystals, and wide range of doping possibilities, WO3 has been used in many
applications, one of which is also cold eld emission [14, 100, 101]. Arrays of
WO3 nanowires were used due to their high aspect ratio and high yield synthe-
sis [100, 102, 103]. The onset electrical elds were from 1.2 V/µm to 6.5 V/µm,
the current densities were in the range from 10 µA/cm2 to 100 µA/cm2 and the
eld enhancement factors were up to 5000 [101, 102, 103, 104]. The obtained results
were comparable with results obtained with arrays of carbon nanotubes [100]. The
development of new synthesis techniques for single phase WO3−x materials in com-
bination with their metallic nature and lower work function values (≤ 4.6 eV) than
pure WO3 (≈ 5 eV), nanowires of W5O14 and W18O49 were used in eld emission ex-
periments [14, 15, 105, 106, 107, 108]. The experiments on single WO3−x nanowires
revealed eld enhancement factor up to 210 and currents up to a few µA [15].
3.5 Optical properties
As the optical band gap for WO3 is in the range from 2.5 to 3.2 eV, the optical
properties of the material in the visible region are dominated by the absorption
threshold [14]. Due to this, the absorption spectra of WO3 are mostly featureless
and only exhibit a large increase in absorption at the optical band gap value, Figure
3.8. The yellow colour of WO3 arises from the samples with a smaller band gap,
which absorb some of the light towards the blue part of the spectrum. For the nano-
sized WO3, quantum size eects appear, resulting in the blueshift of the absorption
peak due to a larger bandgap, with the band width modulation correlated to the
size of the nanoparticles due to quantum connement [14]. The light absorption is
usually approximated by the power law [14, 90, 109]:
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hνα ∝ (hν − Eg)η, (3.16)
where h is the Planck constant, ν the frequency, α the absorption coecient, and
E g the optical band gap energy. η is the power factor, which is equal to 2 for an
allowed indirect transition and 1/2 for an allowed direct transition [109, 110].
Figure 3.8: a) UV-Vis absorption spectra of WO3 and WO3−x with the additional
peak in the red to infrared region; b) UV-Vis absorption spectra of WO3−x samples
with additional peaks in the visible range. The inset shows the absorbance spectra of
WO3−x particles obtained at dierent laser uencies. Pictures taken from [111, 112].





where D is the thickness of the absorbing medium. The band gap is determined
from the (hνα)1/η vs. hν plots by tting a linear function to the absorption edge.
The point of interception of the tted linear function and (hνα)1/η = 0 gives the
value of the optical band gap. For WO3 it is still not determined if the transition is
direct or indirect due to the small energy dierences between the indirect and direct
minimum gap [86, 90].
The absorption spectrum of WO3−x has in most cases an additional peak in the red
to infrared part of the spectrum, while the transmission window is still in the blue-
green range [14]. This additional peak is attributed to electron transfer from W6+
to W5+ atoms [14], formation of polarons and bipolarons [113] or to local surface
plasmon resonance due to the abundance of free electrons [111]. Additional peaks
may appear in the visible range and are usually assigned to defect states within the
valence and conduction bands, due to oxygen vacancies [112], Figure 3.8.
Electrochromism and gasochromism are well known for WO3, where the colour can
be changed by an applied voltage or reducing gas. Similar eects can be also achieved
with heat or light [14]. The colour-changing eects strongly depend on the crystal





The material was synthesized in our laboratory by the chemical vapour transport
reaction (CVT) using iodine as the transport agent and nickel as the growth pro-
moter. The starting material consisted of 705.4 mg of WO3 powder, 75 mg nickel
metal foil and 1124 mg iodine in form of 1 - 3 mm beads. The material was inserted
into a 200 mm long quartz ampule with an approximate volume of 28 cm3 that was
placed in liquid nitrogen, to prevent the sublimation of iodine. The ampule was
evacuated and sealed o when the pressure reached 2·10−6 mbar. It was inserted
into a two-zone furnace for 500 hours in a temperature gradient of 6.2 K/cm. As the
reaction is endothermic [20, 114], the material was transported from the hot part of
the ampule, which was at 1133 K, to the cold part of the ampule which was at 1009
K. The proposed transport reaction is:




where WO2I2(g) is the transport-eective species for tungsten and partially oxygen
[20]. As it was shown [115] CVT of nickel with iodine is an exothermic reaction. As
all material is transported in the described synthesis, probably NiO is formed and
then transported by iodine. Such reaction is endothermic [20].
After the synthesis, the ampule is opened and the transported material is collected
into a plastic container where it is left for a few days, so that the excess iodine is
sublimated. The transported material is of blue or purple colour, which depends on
the stoichiometry of the material. The less reduced WnO3n−1 platelets and W5O14
nanowires are blue while the more reduced W18O49 nanowires are purple. The as
synthesized material can be used for the experiments without any further treatment.
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4.2 Elemental composition
Elemental composition of the WnO3n−1 platelets was analysed with EDS inside a
SEM. As the platelets were a new material, EDS conrmed they were made from
tungsten and oxygen. The EDS spectrum of a single WnO3n−1 platelet is shown
in Figure 4.1-a). For the analysis, the platelets were dispersed in isopropanol and
drop-casted on a piece of silicon wafer. As the platelets are very thin, the majority
of the EDS signal comes from the silicon substrate.
Figure 4.1: a) EDS spectra obtained on a single WnO3n−1 platelet. The inset shows
additional peaks in the spectra; b) A SEM image of the platelet on which an EDS
mapping was performed; c) Elemental EDS map of oxygen; d) Elemental EDS map
of tungsten; The scale bar in b), c), and d) is 1 µm.
The large peak in Figure 4.1-a) corresponds to Kα (1.74 keV) and Kβ (1.84 keV)
lines of silicon. As it turned out, the silicon peaks overlap with the Mα (1.78 keV)
and Mβ (1.84 keV) lines of tungsten. The inset in Figure 4.1-a) shows additional
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peaks corresponding to Kα (0.28 keV) line of carbon, Kα (0.53 keV) line of oxygen
and Lα (8.40 keV) and Lβ (9.67 keV) lines of tungsten. The additional tungsten
peaks unambiguously show presence of tungsten in the platelets. No X-ray peaks
characteristic for nickel, situated at 7.48 keV (Kα), 8.27 keV (Kβ), 0.85 keV (Lα),
and 0.87 keV (Lβ), were observed [23].
An EDS mapping was performed over the WnO3n−1 platelet shown in Figure 4.1-
b). The oxygen and tungsten elemental EDS maps are shown in Figure 4.1-c) and
Figure 4.1-d), respectively. For the tungsten elemental EDS map the L line peaks
were used, as the M line peaks overlap with the K line peaks of silicon.
4.3 Preparation of a TEM lamella
As already mentioned in chapter 2, the sample for a TEM has to be thin enough
(< 100 nm) so that the electrons can pass through it, without being scattered too
many times [23]. For a sample with an unknown structure, it is crucial to take
HRTEM images or TEDs in multiple crystallographic directions. As the platelets
are thin enough for TEM analysis only perpendicular to the basal plane, TEM
lamellas were prepared, to obtain HRTEM images and TEDs of the platelets in the
other crystallographic directions. Preparing a TEM lamella has multiple steps:
1. The WO3−x platelets were dispersed in isopropanol and drop-casted on a piece
of silicon wafer.
2. The sample was examined used SEM and a suitable platelet was chosen for a
TEM lamella, Figure 4.2-a).
3. The platelet was rst covered by approximately 100 nm of platinum deposited
by e-beam deposition. With the deposited platinum, the platelet was shielded
from any ion damage in further steps.
4. A thicker layer of a few µm of platinum was then deposited on the platelet
using the gallium ion beam 4.2-b). This acts as an additional shield against ion
damage and also as a structural support for the whole lamella. The platinum
was deposited along the length of the lamella.
5. The lamella was then thinned down to approximately 1 µm from both sides
with the gallium ion beam, as shown in Figure 4.2-c).
6. In the next step the lamella was cut from the bulk sample and mounted on a
micromanipulator, Figure 4.2-d). Again, platinum was used to ensure a good
mechanical contact between the micromanipulator and the lamella.
7. The lamella was then transferred to a special TEM holder, where it was per-
manently secured using ion bean deposited platinum, Figure 4.2-e).
8. Once in place, the lamella was thinned down using a special ion beam mode
called cleaning cross section (CSS) mode. During this process the lamella was
thinned in steps. In each step the ion beam current was lowered and the angle
between the lamella and the ion beam was adjusted.
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9. When the lamella was thinned below 100 nm, lower energy ions were used to
remove the amorphous layer on the surface, which forms during the process.
10. A nished lamella is shown in Figure 4.2-f).
Figure 4.2: The process of preparing a TEM lamella: a) Sample selection; b) Cov-
ering the selected sample with electron beam and ion beam deposited platinum; c)
Rough etching to thin the lamella to approximately 1 µm; d) Cutting the lamella
from the bulk sample and transferring it with a micromanipulator; e) Attaching the
lamella to the special TEM holder; d) Precision etching to the nal thickness.
4.4 Morphology and crystal structure
The WnO3n−1 platelets grow alongside W19O55 (WnO3n−2) nanowires (NWs), while
the NWs can exist without the platelets. The platelets grow with their b axis parallel
to the b axis of the NWs. In several cases, the platelets were found terminated by
the NWs at both edges. The platelets grow up to several µm in length and are of
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rectangular shape, Figure 4.3. Although WO3 platelet-like materials have already
been synthesized [39], no publication reported on materials, where the two dierent
morphologies grow in such orderly fashion.
Figure 4.3: a) and b) single WnO3n−1 platelets with W19O55 NWs on the edges; c)
As synthesized WnO3n−1 platelets. The scale bar in all images is 1 µm.
Figure 4.4: a) AFM image of a platelet with a W19O55 NW on the top edge; b) The
height prole of the marked area in a); c) AFM image of the surface of the platelet;
d) The height prole of the marked area in c).
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The thickness of the platelets is in the range from few 10 nm up to 160 nm, Figure 4.4.
As it can be seen from the atomic force microscopy (AFM) image in Figure 4.4 the
platelets have an almost uniform thickness throughout the whole length and width.
In all cases the NWs are thicker than the platelets. The surface of the platelets is
usually at or slightly corrugated along the b axis. The corrugations are a few nm
deep with the periodicity from a few 10 nm up to 100 nm, Figure 4.4. To determine
the structure of the W19O55 NWs and platelets, high resolution transmission electron
microscopy (HRTEM) images and transmission electron diractions (TED) were
taken on multiple samples.
Figure 4.5: a) A platelet with a defect line (marked with an arrow) and extinction
contours revealing relaxation of the inbuilt strain; b) a single W19O55 that grows
along the [010] direction with 3.8 Å periodicity along the NW length (inset); c)
HRTEM image of the NW with marked periodicities of 3.8 Å and 3.7 Å; d) TED
patterns of the [100] and e) [203] zones of the W19O55 NW.
AFM, HRTEM, and TEDs of a single W19O55 NW are shown in Figures 4.4 and
4.5. The W19O55 NWs are 100 nm to 200 nm thick, with occasional corrugations
up to 10 nm deep, 4.3, 4.4. As discussed in [15], the corrugations could form due
to high number of oxygen defects. The W19O55 NWs grow in the [010] direction as
seen in Figure 4.5-b). The periodicity between the atomic columns is 3.8 Å which
is in good agreement with the (010) interlayer distance (3.787 Å) of the monoclinic
W19O55 (PDF 00-045-0167) [116]. In Figure 4.5-c) a HRTEM image of the W19O55
NW is shown. The interlayer distances of 3.8 Å and 3.7 Å are in agreement with the
interlayer distances of (010) and (302) planes. The TEDs in Figure 4.5-d,e) show
the [001] and [203] zones of the W19O55 NW. The measured interlayer distances
correspond to the (hkl) planes as marked in Figure 4.5-d,e).
The main focus of this Thesis was on the platelets, where new quasi-two-dimensional
tungsten oxide structures were identied. In Figure 4.6-a) randomly oriented platelets
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Figure 4.6: a) SEM image of platelets; b,c) SEM images of the platelets, used to
prepare TEM lamellas. Lines marked with A and B show the direction of the cross-
section for the lamellas; d) TEM image of the lamella prepared from the platelet in
b); e) TEM image of the lamella prepared from the platelet in c).
are shown, which were dispersed in isopropanol and drop-casted on a piece of silicon.
Two platelets were chosen from which the TEM lamellas were made, as described
in the Methods 2 chapter. One platelet was cut perpendicular to the W19O55 NW
(Figure 4.6-b)) and one parallel to the NW (Figure 4.6-c)). The TEM images of
the lamellas show that the platelet is thinner than the NW (Figure 4.6-d)) and that
the free sides of the platelet are of rectangular shape (Figure 4.6-e)). The lamella
A reveals that the platelets are segmented with the interfaces oriented parallel to
the free crystal edges (marked with black arrows in Figure 4.6-e)). The segmenta-
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tion can explain the outer shape of the platelets and a mechanical instability visible
as a crack in Figure 4.6-c), marked with a white arrow. To determine the crys-
tal structure, HRTEM and TED were made in three directions - perpendicular to
the cross-section of lamellas A and B and perpendicular to the basic plane of the
platelets.
The HRTEM images of lamella B are shown in Figure 4.7. The semi-periodic con-
trast in Figure 4.7-a), which is parallel with the basic planes of the platelet, repre-
sents the crystallographic shear (CS) planes inside the platelet. The arrow in Figure
4.7-a) points to a defect - a CS plane, which formed between two existing CS planes.
Although the defect is terminated along the CS planes, it extends through the whole
length of the lamella (through the a-b plane). Figure 4.7-b) shows the TEM image
of the junction between the platelet and the W19O55 NW. The junction represents
a transition area (marked with a white arrow) that compensates the lattice mis-
match between the two structures. The transition area extends through the whole
thickness of the platelet.
Figure 4.7: a) HRTEM image of the lamella B with semi-regularly distributed CS
planes. The arrow points to the defect; b) The transition area between the platelet
and the NW.
The HRTEM images of the CS structures are shown in Figure 4.8, where the white
spots represent tungsten atoms. In all structures only the {102}r CS planes were
observed, which correspond to the WnO3n−1 stoichiometry. The atoms between
the CS planes are regularly distributed in a nearly rectangular lattice with the
parameters parallel and perpendicular to the CS plane being 3.83 Å and 3.91 Å,
respectively. The angle between the atomic lines of the lattice between the CS
planes is 89◦ ± 1◦, with the average distance between the atoms being 3.87 Å. The
distance between the atoms in the CS plane is smaller, compared to the distance
between the atoms between the CS planes, due to the WO6 octahedra arrangement.
The octahedra between the CS planes are joined at corners, while the octahedra
in the CS plane are joined at the edges. Because of this, the distance between the
tungsten atoms in the CS plane is 3.21 Å.
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Figure 4.8: HRTEM image of: a) W16O47 (WO2.938), c) W14O41 (WO2.929), e)
W15O44 (WO2.933), g) W9O26 (WO2.889) and W10O29 (WO2.9) with the proposed
unit cell. The scale bar is 1 nm. The simulated structures with the proposed unit
cell are shown for: b) W16O47 (WO2.938), d) W14O41 (WO2.929), f) W15O44 (WO2.933),
h) W9O26 (WO2.889) and W10O29 (WO2.9). The positions of the tungsten atoms in
the simulated structures were calculated according to [9]. In h) the models of W9O26
and W10O29 were joined, the dashed line shows the plane where the models were
joined.
The stoichiometry is determined by counting the number of atoms between the CS
planes directly from the HRTEM image. In the platelets, seven stoichiometries
were observed: W18O53 (WO2.944), W17O50 (WO2.941), W16O47 (WO2.938), W15O44
(WO2.933), W14O41 (WO2.929), W9O26 (WO2.889), and W10O29 (WO2.9). Their ex-
istence was predicted [9], but only W10O29 was experimentally observed to date.
Most of the layers crystallize in the W16O47 and W15O44 stoichiometry. Close to
the thickness centre of the lamella, a defect in the periodicity is visible. A layer of
W16O47 is split into two layers, forming the W10O29 and W9O26 phases. For each
phase/stoichiometry the unit cell parameters a and c were determined from the
HRTEM images (Figure 4.8), while the unit cell parameter b, which is the same in
all phases, was determined from TEDs presented in Figure 4.9. The unit cell param-
eters and the positions of the tungsten atoms of phases with dierent stoichiometries
were also calculated using the model proposed in [9]. The model describes the ideal
WnO3n−1 structure with the P2/a symmetry with the tungsten atoms between CS
planes being equally separated. The input data for the model, which is presented
in the Publication overview 3, are the distance between the atoms outside and in-
side the CS planes. Experimental and calculated values of the unit cell parameters,
calculated according to equations 3.4 through 3.8, for all the observed phases are
presented in Table 4.2. The calculated values are in good agreement with the mea-
sured ones. The unit cells are schematically drawn on HRTEM images and on the
calculated structures, as shown in Figure 4.8. Strongly deformed pentagonal and
hexagonal tunnels are concentrated at the CS planes.
The platelets and the lamellas were thin enough to obtain TEDs in all three principal
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directions. Figure 4.9 shows the TEDs of: a) the [100] zone (lamella A), b) the [010]
zone (lamella B), and the [001] zone (basal plane). The main reections in the
Figure 4.9-a) can be indexed as (010) and (0 0 10) reections of the W15O44 phase.
Figure 4.9: a) TED patterns: a) the [100] zone taken on the lamella A, b) the [010]
zone taken on the lamella B, and c) the [001] zone taken perpendicular to the basal
plane of the platelet. d) Schematically represented relationship between the NW
and the platelet axis.
The reections correspond to interlayer distances of 3.72 Å and 2.60 Å, respectively.
The (010) reection is used for the rst estimation of the unit cell parameter b, i.e.
3.72 Å. The second value (3.96 Å) of the parameter b was obtained from the (010)
reection in the Figure 4.9-c), which represents the [001] zone. The mean value of
the unit cell parameter b is 3.8 Å. This value was considered as parameter b for all
the phases in Table 4.2 as it should be the same for all WnO3n−1 stoichiometries.
Similarly, the parameter a should be the same for all phases. The rst estimation of
parameter a was obtained from the (100) reection in Figure 4.9-c) corresponding
to the interlayer distance of 17.18 Å. The intense reection in this array is assigned
to (10 0 0). Because of the P2/a symmetry, only (2n 0 0) reections should be
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visible [117]. The odd reections could arise due to the thinness of the platelets
and/or layers. The second value of the parameter a, which was determined from the
reection (10 0 0) from Figure 4.9-b), was 16.3 Å. The average value of the unit cell
parameter a is 16.7 Å. The diraction in Figure 4.9-b) was indexed using the unit
cell parameter a = 16.3 Å, b = 3.8 Å, c = 22.6 Å and β = 94.1◦. The parameter
c (22.6 Å) was obtained from the reection (0 0 14) corresponding to the interlayer
distances of 1.61 Å. Only (2n 0 0) reections are observed in Figure 4.9-b), which
matches the extinction rules of the P2/a symmetry. As the parameters c is specic
for each particular WnO3n−1 phase, the obtained values represent only a parameter
of a nominal unit cell of the average structure of the whole lamella. The parameter
c was determined only with the purpose to explain the electron diraction data.
In Figure 4.9-d), a schematic representation of the W19O55 NW and the platelet is
shown. The platelets grow with the a axis perpendicular and b axis parallel to the
NW. By calculating the b and c axis mismatch between a W19O55 NW and a platelet
that predominantly grows in the W16O47 phase, one gets a mismatch of 1.7 % and
19.8 %, respectively (the unit cell parameters of the W19O55 phase: a = 12,13 Å; b
= 3,793 Å; c = 22,45 Å; β = 94,5◦ [116]). While the mismatch in the b axis is small,
the mismatch in the c axis is too large for epitaxial growth of the platelets directly
from the NW. This large mismatch might be the origin of stabilization of multi-
stoichiometric crystals and is compensated in the transition area, which separates
the NW from the platelet.
A typical XRD spectrum of the platelets is shown in Figure 4.10. With the help
of HRTEM images, where the W16O47 stoichiometry was identied as the dominant
phase, this phase was used as a starting model for the average structure of the
platelets. Unit cell parameters a, b, c, and β were rened using the assigned positions
of XRD peaks. In the renement process, the presence of W19O55 component of the
sample was neglected, because any of low angle peaks could not be attributed to
this phase. The list of XRD peaks with the proposed (hkl) assignations and d values
of the W16O47 structure obtained from HRTEM and from the renement process
are presented in Table 4.1. The reections conditions for P2/a, (hk0 ) and (h00 ),
where h = 2n, were taken into account. The (002) diraction peak of the W16O47
stoichiometry is the only diraction peak from all the observed phases that could
be assigned to the 14.24 Å XRD peak. To determine the average unit cell for the
sample (i.e. platelets), the next steps were taken:
1. From the unit cell parameters of the W16O47 stoichiometry, obtained from
HRTEM images, the positions of all allowed (hkl) reections were calculated.
2. The calculated positions of the (hkl) reections were assigned to the peaks
experimentally obtained from the XRD.
3. As there was a small mismatch between the positions of the reections cal-
culated from to the unit cell parameters obtained from the HRTEM and the
ones experimentally measured with XRD, a least square method program was
written which optimized the a, b, c, and β to better t the experimental data.
4. This renement gave us the average unit cell parameters for the whole sample.
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Table 4.1: A list of the peaks from the XRD spectrum with the proposed assignations
according to the structure of W16O47. In the fth column d values of the rened
structure are presented while in the last column the d values were calculated using
the unit cell parameters of W16O47 obtained from HRTEM images
Measured Measured Measured rel. Assigned Calculated W16O47
2 Theta [◦] d [Å] int. [arb. units] index (hkl) d [Å] d [Å]
6.20 14.24 0.07 (002) 14.16 13.94
9.48 9.32 0.20 (003) 9.44 9.29
12.48 7.09 0.11 (004) 7.08 6.97
18.76 4.73 0.10 (006) 4.72 4.65
20.28 4.38 0.10 (205) 4.40 4.47
20.88 4.25 0.08 (206̄) 4.26 4.26
22.88 3.88 0.08 (010) 3.88 3.80
24.80 3.59 0.70 (013) 3.59 3.52
25.00 3.56 0.63 (403) 3.54 3.74
28.64 3.11 0.14 (405) 3.11 3.24
32.68 2.74 0.14 (216) 2.75 2.73
33.16 2.70 0.33 (407) 2.70 2.78
34.20 2.62 0.05 (601) 2.62 2.80
40.68 2.22 0.05 (606) 2.22 2.33
45.92 1.97 0.10 (801) 1.97 2.11
46.80 1.94 0.10 (020) 1.94 1.90
48.12 1.89 0.03 (0 0 15) 1.89 1.86
50.88 1.79 0.02 (0 1 14) 1.79 1.76
53.92 1.70 0.04 (028) 1.70 1.67
54.84 1.67 0.12 (2 0 17) 1.67 1.58
55.80 1.65 1.00 (029) 1.65 1.62
61.12 1.52 0.06 (4 0 18) 1.52 1.50
69.56 1.35 0.02 (4 0 19) 1.35 1.35
74.48 1.27 0.03 (232) 1.27 1.25
75.72 1.13 0.03 (10 2 12) 1.13 1.15
58
4.4. Morphology and crystal structure
Table 4.2: Measured and calculated unit cell parameters a, b, c, and β
Measured Calculated
Structure a [Å] b [Å] c [Å] β [◦] a [Å] b [Å] c [Å] β [◦]
W9O26 17.15 3.8 15.72 94.20 17.31 > 3.87 15.31 94.29
W10O29 17.21 3.8 18.36 108.98 17.31 > 3.87 18.14 110.44
W14O41 17.10 3.8 25.70 72.96 17.31 > 3.87 25.08 72.58
W15O44 16.90 3.8 26.14 86.02 17.31 > 3.87 25.76 84.84
W16O47 17.16 3.8 28.01 95.57 17.31 > 3.87 27.54 96.00
W17O50 17.20 3.8 30.82 73.77 17.31 > 3.87 30.55 72.40
W18O53 17.15 3.8 31.35 83.72 17.31 > 3.87 31.11 82.53
Figure 4.10: XRD spectrum of the platelets.
The calculated unit cell parameters after renement are a = 16.04 Å, b = 3.88 Å,
c = 28.48 Å and β = 96.07◦. They represent the average unit cell parameters of
the whole sample. In Table 4.3, the unit cell parameters of W16O47 obtained from
HRTEM images, those calculated from the model, and those rened from XRD
data are compared. The close matching of the unit cell parameters conrms that
the majority of the layers in the platelets indeed grow in the W16O47 stoichiometry.
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Table 4.3: Experimental, calculated and rened unit cell parameters of W16O47
W16O47 phase a [Å] b [Å] c [Å] β [◦]
From HRTEM 17.16 3.80 28.01 95.57
Model 17.31 > 3.87 27.54 96.00
Rened from XRD 16.04 3.88 28.48 96.07
4.5 X-ray photoelectron spectroscopy
The XPS measurement was performed on platelets, deposited on conductive carbon
tape. The spectra were calibrated using the C 1s peak at 284.6 eV originating from
adsorbed molecules and carbon tape. Traces of SiO2, nickel and iodine were found
sporadically in the sample. They are remains from the reactants and the quartz
ampule, where the sample was grown.
Figure 4.11: XPS spectra of the platelets: a) the W 4f core level; b) the O 1s core
level; c) the Ni 2p core level; d) the valence band showing O 2p states with no states
at the Fermi level.
The tungsten peak composed of W 4f photoelectrons shows the presence of several
oxidation states, Figure 4.11-a). The peaks centered at 35.4 eV, 37.5 eV and 41.6
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eV represent emission from W 4f7/2, 4f5/2, and 5p3/2 core levels from the W atoms
in the 6+ oxidation state. The peaks centered at 33.9 eV, 36.7 eV, and 39.1 eV
result from emission from the 4f7/2, 4f5/2, and 5p3/2 core levels from the W atoms
in the 5+ oxidation state [118]. No W atom peaks with the 4+ oxidation state or
those associated with metallic tungsten were observed [81]. The photoelectrons in
Figure 4.11-b) from oxygen O 1s form a three-peak signal. The peak at 530.4 eV
corresponds to the O2− oxygen bond with W6+ atoms. The highest intensity peak at
the 532.0 eV and the peak at 533.5 eV can be attributed to the bonds with tungsten
in lower oxidation states. Besides W-O bonds in the CS planes, their origin could
also be the CO bonds in adsorbed molecules, Si-O bonds in SiO2 impurities or
Ni(OH)2. A weak Ni 2p signal is illustrated in Figure 4.11-c). The main peak at
856.4 eV and a satellite at 861.4 eV can be in analogy with previous studies [16, 119]
attributed to Ni(OH)2. The valence-band spectrum shown in Figure 4.11-d) shows
negligible density of states at the Fermi energy, which indicates a semiconducting
behaviour of the sample. The valence band consists of O 2p orbitals, which is in
agreement with the literature [91].
4.6 Raman spectroscopy
Raman spectra of WO3−x materials can be divided into three frequency regions,
representing dierent vibrational modes. Below 200 cm−1 the peaks are associated
with relative translational or rotational motions of WO6 octahedral units in the same
unit cell (lattice modes), between 200 and 400 cm−1 the peaks are associated with
W-O bending modes, while in the range between 600 and 900 cm−1 the peaks are
assigned to W-O stretching modes [70, 71]. Figure 4.12-a) shows an optical image
and Raman spectra of a platelet with the W19O55 NW situated at its edge.
The spectra were taken with the laser polarization parallel (A) and perpendicular (B)
to the long axis (b axis) of the W19O55 NW. The Raman shifts, relative intensities
and assignations are collected in the Table 4.4. The Raman spectra of the W19O55
NW in Figure 4.12-b) show a sharp peak at 301 cm−1 and two overlapped broad
peaks at around 695 and 740 cm−1, when light polarization is parallel (A) with the b
axis of the NW, and four relatively weak peaks at 107, 193, 268 and 377 cm−1, and
two overlapping broad peaks at 726 and 819 cm−1, when polarization is parallel with
the a axis (B). The literature reports only on the peak at 319 cm−1, while broad
peaks at 709 cm−1, 812 cm−1 attributed to W-O stretching vibrations were recorded
in annealed samples, which were oxidized at 773 K [120]. A substantial shift towards
lower Raman shifts of the peak at 301 cm−1 with respect to 319 cm−1 is explained
with even longer chemical bonds than in a case of pure W19O55 material. Such long
chemical bonds indicate a larger degree of disorder in the structure. The broad peaks
situated between 700 and 900 cm−1 are attributed to dierent W-O bond lengths in
W19O55 [70, 121]. The almost featureless spectrum is in good agreement with the
spectra from the literature [120].
On the contrary, Raman spectra of the platelets contain more distinctive peaks,
Figure 4.12-c). For the case when the polarization of the laser is parallel with the
b axis (A), the spectrum shows three peaks at 86.5, 104.5, and 119.5 cm−1 assigned
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Figure 4.12: a) Optical image of a platelet with a W19O55 NW at its bottom edge;
b) Raman spectra of the W19O55 NW; c) Raman spectra of the platelets; d) Raman
spectra of the platelets oxidized for 1h at 873 K. The A and B arrows denote the
laser light polarization.
Table 4.4: Raman peak positions and normalized intensities of the W19O55 NWs
A B
Shift [cm−1] Rel. int. [%] Shift [cm−1] Rel. int. [%] Vibration mode
107 9 Lattice modes
193 14
268 11 O-W-O bending modes
301 21
377 7






Table 4.5: Raman peak positions and normalized intensities of the platelets
A B
Shift [cm−1] Rel. int. [%] Shift [cm−1] Rel. int. [%] Vibration mode
86.5 21 85 7 Lattice modes
104.5 9 104 27
119.5 9 125 7
163 6
236 12 W-O bending modes
271 100
322 11 316.5 7
328.5 6
342 12 340.5 6
693 3 688 16 W-O stretching modes
737 5
781 65 777 5
809 100 803.5 58
to lattice modes, two peaks at 322 and 342 −1 assigned to the W-O bending, and
a weak one at 693 cm−1 and two intense peaks at 781 and 809 cm−1, all associated
with W-O stretching modes. The two intense peaks are sharper and more intense
pointing to a crystal structure with less defects and higher number of W-O bonds
with well-dened lengths. In the spectrum with the polarization parallel with the a
axis (B), the most intense peak is at 271 cm−1 and 12 weaker peaks in the bending
and lattice mode regions are visible, Table 4.5. The stretching mode region has 4
peaks at similar Raman shifts as in spectrum (A) but less intense. The absence
of Raman bands around 950 cm−1 indicates that the platelets do not contain any
hydrated phases and W=O groups [58, 71]. The dependence of the Raman spectra
on the orientation of the platelets evidences that the material has an anisotropic
crystal structure.
Comparing to the monoclinic m-WO3 [73, 122], only the Raman band of the platelet
at 809 cm−1, recorded with polarization along the b axis (A), is an exact match. This
peak with the maximum intensity in the spectrum (A) was explained with vibration
of the W-O bonds with the length of 1.82 Å [122]. The second high-intensity peak
in the spectrum (A) at 781 cm−1 is shifted towards higher Raman shifts (i.e. higher
wavelengths) with regard to 718 cm−1 in m-WO3, which was attributed to vibration
of W-O bonds with length of 1.88 Å [70, 122]. The peak at 781 cm−1 thus represents
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shorter W-O bonds. This could represent the chemical bond length between W-O in
the CS planes, as this bonds should be shorter compared to W-O bonds in monoclinic
WO3. On the contrary, the Raman band at 271 cm−1 in the spectrum (B), is slightly
shifted towards lower Raman shifts with respect to the W-O bending mode in the
m-WO3 (275 cm−1).
With the aim to relax the structure and compare Raman spectra, the sample was
oxidized in air for 60 minutes at 873 K. The Raman spectra of the oxidized platelets
are shown in the Figure 4.12-d). The spectra in both, (A) and (B), orientations
exactly match the spectra for the m-WO3 [73, 122].
4.7 Optical properties
The UV-Vis absorption coecient spectra of platelets dispersed in ethanol is shown
in Figure 4.13. The absorption starts to rise around 550 nm (2.25 eV), and has
three prominent peaks located at 325 nm (3.81 eV), 282 nm (4.40 eV) and 219 nm
(5.66 eV). Although the sample was diluted in order to minimize the contribution
of scattering, its eect cannot be completely excluded from the most intense peak
at 219 nm.
Figure 4.13: a) Absorption coecient spectra of the platelets in ethanol; b) Close-up
of the spectra a) where the absorbance starts to increase.
The optical band gap of the platelets is calculated according to equation 3.16 for
the allowed direct and indirect transition by tting a linear function to the (αhν)1/η
vs hν plot as shown in Figure 4.14-a,b). The optical band gap is equal to the
value of the tted linear function at the position where (αhν)1/η = 0. For the direct
transition (η = 1/2) the optical band gap is ≈ 2.5 eV (496 nm), while for the indirect
transition (η = 2) the optical band gap ≈ 0.7 eV (1770 nm). The three prominent
peaks correspond to transitions from states within the valence band to the states
within the conduction band [99, 110, 123] due to new electron states created by the
oxygen defect present in the structure. Dierent samples have the same spectra,
indicating that the crystal structure governs the optical properties.
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Figure 4.14: a) The power plot with η = 1/2 for the direct allowed transition and
b) with η = 2 for the indirect allowed transition. The dashed red line in a) and
b) represents the tted line used to determine the optical band gap; c) Absorption
coecient spectra with the tting curves for the direct and indirect transition.
4.8 Kelvin probe force microscopy
Kelvin probe force microscopy (KPFM) was used to determine the work function
(WF) of the platelets by measuring the contact potential dierence (CPD) be-
tween the substrate made of highly oriented pyrolytic graphite (HOPG) and the
platelets. A dispersion of platelets in isopropanol was drop-casted on HOPG, which
was cleaved beforehand to remove any contaminants from the surface. As described
in the Methods chapter 2, the AFM and the KPFM images were taken simultane-
ously on the same area. A representative AFM and KPFMmeasurement is presented
in Figure 4.15. The AFM image, where the colour represents the height dierence,
is shown in Figure 4.15-a) and the corresponding KPFM image, where the colour
represents the CPD dierence, is shown in Figure 4.15-b). The platelet is around
140 nm thick and has a lower CPD value compared to HOPG. The CPD on the
platelets is between 170 mV and 510 mV lower than on HOPG, which shows, that
the platelets have a lower work function (WF) compared to HOPG. Because HOPG
has a fairly stable WF value of 4.6 eV [124], it is usually used as a reference material
in KPFM measurements. From our measurements it was determined that the WF
value for the platelets is in the range from 4.43 eV to 4.05 eV. An AFM image of
the whole platelet shown in Figure 4.15 is shown in Figure 4.16.
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Figure 4.15: a) NC-AFM image with the corresponding KPFM image in b); The
height and CPD proles of lines 1 and 2 are presented in c) and d), respectively.
The scale bar in a) and b) is 200 nm.
Figure 4.16: a) NC-AFM image of the platelet with a NW at its right edge; b) The
height prole of the marked region in a). The scale bar is 1 µm.
4.9 Scanning tunnelling microscopy
The same sample used for KPFM was also used for scanning tunnelling microscopy
(STM). STM images and scanning tunnelling spectroscopy (STS) measurements
were performed in dierent points on the platelets. An example of an STM image
of a platelet is shown in Figure 4.17-a). A STS curve with its corresponding LDOS
((dI/dU)/(U/I)) curve is also shown. From the LDOS in Figure 4.17-c) a band gap
of 2.3 eV is determined. Multiple STS measurements were performed, and the band
gap value ranged from 2.3 eV to 2.8 eV.
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Figure 4.17: a) An STM image of the platelet. STM image and the STS curve ob-
tained at the position marked with a red cross were recorded at tunneling conditions
of U = 2.5 V and I = 0.8 nA. Before calculating the LDOS, the I-U curves were
smoothed and the current was set to zero at U = 0 V; b) A STS curve obtained on
the platelet with its corresponding LDOS curve in c). The scale bar in a) is 500 nm.
4.10 Discussion
As the material is synthesized in our laboratory, a short discussion on the growth
mechanism is appropriate. The exact growth mechanism is still not known due to
the complex mechanism of the transport reaction with the involved elements. It
was proposed [16, 22] that nickel acts as a growth promoter for the reduced WO3−x
phases [125]. Nickel also binds some oxygen to itself, creating Ni(OH)2 [16, 22],
which removes some of the oxygen from the starting material and promotes the
growth of reduced WO3−x phases. By increasing the amount of nickel only W18O49
nanowires were found. By increasing the amount of nickel, one should also consider
doping eects. Literature reports [126] that Ni and WO3 form a tungsten bronze,
NixWO3, with a perovskite structure, similar to that of the sodium tungsten bronze,
NaxWO3. The NixWO3 structure is stable only for x = 0.035, and crystallizes in
the orthorhombic symmetry with the unit cell parameters being approximately: a
= 7.4 Å , b = 7.4 Å and c = 3.8 Å. The unit cell parameter c in NixWO3 is around
half of the unit cell parameter c in the monoclinic WO3. If x is increased beyond
0.035, NiWO4 is formed alongside a tungsten suboxide phase, such as W18O49 and
W20O58 [126, 127]. If the platelets would be partially made of NiWO4 or NixWO3
this would be observed in the HRTEM images and in the Raman spectra.
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It should be pointed out that the growth of dierent WO3−x phases depends on
the type of synthesis and on multiple parameters present in a specic synthesis
method [128]. A slight change in the oxygen partial pressure results in the change
of the stoichiometry [129]. Presence of water vapour, CO-CO2 gaseous buer [129],
nickel [16], iron [130] as well as the synthesis temperature [14] greatly aect the
stoichiometry. The duration of the synthesis also plays an important role [21].
According to the literature [17, 80, 128], the less reduced WnO3n−1 phases with the
{102}r CS planes nucleate rst, and only after further reduction the WnO3n−2 with
the {103}r CS planes start to grow. In the presented case, the less reduced platelets
seem to grow on the more reduced NWs. Considering that all stoichiometries inside
platelets are less reduced than W19O55 nanowires it is possible to assume that the
platelets start to grow at edges of the rst nanowires, when the partial pressure of
oxygen in ampoules is still sucient. This is supported by our ndings that as the
platelets are already observed in the sample where the transport reaction time is
reduced to 72 hours. Because the directions of CS planes in the nanowires align with
the CS planes of the platelets, the nanowires could act as a template for the platelets
during the growth. It is also possible that nickel acts as a growth promoter for the
nanowires and further at the interface between nanowires and nanoplates [125], but
this assumption needs to be proved in future studies. The synthesized material is
composed of NWs and platelets with dierent stoichiometry. The distribution and
the frequency of dierent stoichiometries between the dierent morphologies was
not determined as it would be very time consuming due to the multi-stoichiometric
structure of single crystals.
Although the six new stoichiometries of the WnO3n−1 homologous series were now
experimentally observed [22], their existence was not theoretically predicted. The
stability of dierent WO3−x structures was discussed in literature [12, 21, 55, 131,
132, 133, 134, 135] in terms of elastic strain energy, electrostatic energy between CS
planes, formation energy of CS planes, polaron-polaron and polaron-CS interaction
energies, van der Waals interaction energy etc. The elastic strain and the electro-
static energy between CS planes are comparable in terms of strength and are much
larger than polaron-polaron or polaron-CS interaction energies, which would make
them the driving energies behind the formation of the CS planes. Theoretical calcu-
lations considering this two interactions showed that {001}r CS planes would have
the smallest formation energy and that only a small number of WnO3n−1 phases are
stable. The calculations predicted that slightly reduced WO3−x will disproportion-
ate into WO3 and WO2.92 [12]. These are contradicting experimental observations,
where it was observed that for slightly reduced WO3−x the {102}r CS planes grow
rst, followed by {103}r CS planes in more reduced crystals. Further reduction of
{103}r CS planes results in the formation of PC structures, which were not even
considered in the calculations. Obviously there are other interactions present in
the material, that play an important role in the formation of CS planes. As it was
pointed out [133], the theoretical models do not consider cation-anion and cation-
cation interactions nor the polarization of the crystal which could have an impor-
tant role in the stabilization of dierent WnO3n−1 and WnO3n−2 phases. The main
problem is the assessment of the strength of such interactions, as there is lacking
experimental evidence on the energetics and stability of CS planes.
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With the increase in the computational power of computers, computational mod-
elling methods such as many-body perturbation theory, projector augmented wave
method and density functional theory (DFT) emerged as a promising tool to describe
and predict electrical, optical and structural properties of materials. To describe the
properties of WO3−x, researchers used dierent WO3 structures with point defects
i.e. the stoichiometry was changed by creating an oxygen vacancy and varying the
number of atoms in the unit cell [86, 90, 95, 99]. These simulations show mixed
results, as such description is only an approximation for WO3−x phases. In all cases
the band structure depended on the phase, symmetry and the number of oxygen
vacancies as well as the method used. Recently, more accurate calculations were
performed on structures with CS planes and PC structures [80, 96, 97]. The calcu-
lations showed [96, 97] that all investigated phases, ranging from WO2.92 to WO2.625,
are stable.
Presence of W6+ and W5+ oxidation states, typical for tungsten atoms in the CS
planes, were experimentally observed with surface sensitive XPS [16]. The pre-
sented WnO3n−1 phases do not contain tungsten atoms in the 4+ oxidation state
nor elemental tungsten states, which is in agreement with previous XPS studies on
tungsten suboxides [16, 83]. The valence band spectrum indicates a semiconducting
behaviour, in agreement with recent theoretical calculations [96, 97], as most of the
WO3−x phases observed in the platelets have x < 0.1. The valence band is mostly
composed of O 2p states, as it was predicted from the theoretical calculations. The
valence band maximum is located approximately 1.8 eV below the Fermi energy,
which means that the band gap of the platelets is larger than 1.8 eV.
Raman bands shifts were observed indicating shorter W-O bonds in comparison
with WO3 due to the formation of the CS planes. The red shift of the 718 cm−1,
compared with the peak at 781 cm−1 of the monoclinic WO3, suggests that some
W-O bonds are shorter (i.e. stronger). There is strong evidence that this vibrational
mode is connected with the tungsten atoms in the CS planes as the distance between
tungsten atoms inside the CS plane is in average 0.66 Å shorter than between the
tungsten atoms between CS planes (CS plane - 3.21 Å, between CS planes - 3.87
Å). The absence of any wide peaks suggests an ordered structure with well-dened
bond lengths. This is also in agreement with the XRD spectrum that the material
is highly crystalline. Comparing of the obtained Raman spectra with the spectra
from the literature was not always possible, as the stoichiometry in the literature
is usually determined from an XRD spectra. As it was already determined in the
past [11], XRD is not a suitable method to determine the stoichiometry of tungsten
suboxides as the dierences between phases are too small to be detected. Only
for highly crystalline samples, where the diraction peaks from the low index (hkl)
planes are observed, can the stoichiometry be determined. Aside from the W18O49
phase, which is the most reduced phase before WO2, most of the tungsten suboxides
presented in the literature are a mixture of dierent WO3−x phases with dierent
types of CS planes.
The optical properties were determined from the UV-Vis extinction spectra, in which
no plasmonic peak in the red to infrared part of the spectrum was observed, indicat-
ing that the platelets are semiconducting. The large dierence between the energy
of the direct and indirect transition is somewhat puzzling. As the valence band
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maximum is around 1.8 eV from the Fermi energy, the band gap should be larger
than 1.8 eV. The optical band gap for the direct transition, which is ≈ 2.5 eV, would
satisfy the XPS measurements, while the indirect transition, with the optical band
gap of ≈ 0.7 eV would not be possible. But if the theoretical calculations [96, 97]
are to be trusted, the slightly reduced tungsten suboxides would have an indirect
band gap in the range of 0.7 eV. As the experiments show the true nature of the
material, the theoretical calculations presented in [96, 97] do not show the whole
picture and further improvements to the used model are needed. It is also possible,
that there are some states at the Fermi energy but they are hidden in the noise of
the XPS valence band spectra.
From the LDOS calculated from the STS measurements a band gap value from 2.3
eV to 2.8 eV was obtained, which coincides with the measured optical band gap.
KPFM measurements showed that the WF of the material is lower than HOPG (4.6
eV) and WO3 (4.7 - 6.4 eV) [108], and is in the range of 4.43 eV to 4.05 eV. Compared
to other tungsten suboxides [15] this material has an even lower work function than
W5O14 and W18O49 NWs. Due to the high aspect ratio of the platelets, the material
could be used as an electron eld emitter.
It is important to note that these new phases grow together inside single platelets.
This multilayer structure represents a new kind of polycrystallinity, where CS planes
accommodate oxygen deciency and relax the structure at the same time. This is
evident from the appearance of a new CS plane inside the investigated plate. There-
fore, the adjacent layers could contribute to the stability of a specic phase. The new
stoichiometries W18O53 (WO2.944), W17O50 (WO2.941), W16O47 (WO2.938), W15O44
(WO2.933), W14O41 (WO2.929) and W9O26 (WO2.889) improved our understanding of
substoichiometric tungsten oxides and opened a new path to better understand how
and why CS planes form and how they aect the electrical, optical and structural




Optical, electrical and structural properties of the new quasi-two-dimensional tung-
sten oxide, WO3−x platelets were probed with various experimental methods.
The platelets were synthesized by the chemical vapour transport reaction, with
tungsten (VI) oxide as the precursor, iodine as the transport agent and nickel as
the growth promoter. The platelets were found to nucleate by epitaxial growth on
the W19O55 nanowires as thin plate-like crystals grow up to several µm in lateral
size and are up to 160 nm thick, as it was resolved from SEM images and AFM
measurements. Both, nanowires and the platelets accommodate oxygen deciency
by formation of crystallographic shear planes. While these shear planes are equally
separated in the nanowires, their distance in the platelets varies. In a single platelet,
several stoichiometric phases were identied for the rst time: W18O53 (WO2.944),
W17O50 (WO2.941), W16O47 (WO2.938), W15O44 (WO2.933), W14O41 (WO2.929), W9O26
(WO2.889). The structure of these multi-stoichiometric platelets was directly resolved
from HRTEM images and TEDs. The unit cell parameters were measured and each
WO3−x structure was compared with the modelled one. The XRD measurements
additionally conrmed the high crystallinity of the sample. XRD data was also used
to rene the unit cell parameters of the average structure.
Presence of W6+ and W5+ atoms was conrmed with XPS measurements. The
valence band showed no states at the Fermi energy, indicating that the platelets
are semiconductive. Raman spectroscopy measurements additionally conrmed the
anisotropic nature of the platelets and bands shifts were observed indicating shorter
W-O bonds than in WO3. UV-Vis spectra were used to determine the nature of the
optical transition and the value of the optical band gap. The platelets seem to have
a direct transition at 496 nm (approximately 2.5 eV).
The work function of the platelets was measured to be in the range from 4.43 to
4.05 eV, which is lower than the work function of HOPG and WO3. Band gap
determined from LDOS measurements was in the range from 2.3 eV to 2.8 eV,
which is in agreement with UV-Vis measurements.
For future work, it would be interesting to investigate the eect of synthesis param-
eters on stoichiometry and morphology of the transported material. To investigate
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the electrical properties of platelets in greater detail metal contacts could be made
by means of e-beam or optical lithography. Due to the global interest in alternative
energy sources, WO3−x platelets should be tested as a viable catalyst for hydrogen
evolution reaction. A more in-depth TEM study of the stability and diusion of the
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Raz²irjeni povzetek v slovenskem
jeziku
Uvod
Minerale volframa so poznali ºe v srednjem veku, vendar so £isti volframov trioksid
sintetizirali ²ele v 19. stoletju [1]. Pred letom 1920 je bil volfram uporabljen le kot
dodatek zlitinam jekla, od leta 1940 pa so volfram in njegove spojine ºe imele ²iroko
uporabo. Danes se volfram uporablja v najrazli£nej²ih aplikacijah, zlasti volframov
trioksid, ki se uporablja v fotokromnih pametnih oknih [2, 3], optoelektroniki [4],
senzorjih za pline in pri fotokatalizi [5], superkondenzatorjih [6], v nanostrukturira-
nih termoelektrikih [7] itd. Zaradi tega je volframov trioksid (volfram (VI) oksid,
WO3) eden najbolj raziskanih oksidov prehodnih kovin.
Leta 1948 je Magnéli [8, 9] prvi opazil urejene strukture v volframovih oksidih, ki so
vsebovale dislokacije atomov. Glavna lastnost takih struktur je bila niºja vsebnost
kisika kot v WO3. Predvideval je, da lahko take strukture tvorijo urejene kristale
z razli£nimi stehoimetrijami. Kmalu so tudi drugi raziskovalci po svetu opazili po-
dobne strukture, ki pa so se med seboj razlikovale tako v stehiometriji kot v tipu
dislokacij. Ne dolgo za tem, ko je Magnéli objavil svoje rezultate, je postalo o£itno,
da se t.i. podstehiometri£ni volframovi oksidi, WO3−x, mo£no razlikujejo od WO3.
Razlike so bile tako tako v zikalnih lastnostih (elektri£ne, opti£ne, strukturne)
kot v morfologiji, saj so WO3−x na²li v obliki nanoºi£k, nanoplo²£ic in nanodel-
cev [14]. Njihova pove£ana prevodnost, fotokromatske in kataliti£ne lastnosti, niºje
izstopno delo in sposobnost tvorjenja nanokristalov, so v zadnjih letih pritegnile ve-
liko zanimanja pri razvoju novih senzorjev, elektronskih izvorov, elektrokromskih in
fotokromnih naprav, son£nih celic in katalizatorjev [14, 15, 16, 17].
Cilj te disertacije je bil izmeriti elektri£ne, opti£ne in strukturne lastnosti novih
nizko-dimenzionalnih nanomaterialov v obliki plo²£ic, ki se jih sintetizira s kemijsko
transportno reakcijo. Zaradi nove morfologije sintetiziranega materiala smo pred-
videvali, da imajo plo²£ice ²e neraziskano stehiometrijo in s tem tudi novo vrsto
kristalne strukture.
Disertacija je organizirana v petih poglavjih, prvo je uvod. V drugem poglavju 2
so predstavljene razli£ne eksperimentalne metode, uporabljene v tej disertaciji. V
tretjem poglavju 3 je predstavljen pregled literature o elektri£nih, opti£nih in struk-
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turnih lastnostih volframovega oksida in podstehiometri£nih volframovih oksidih. V
£etrtem poglavju 4 so predstavljeni rezultati skupaj z diskusijo. V petem in zadnjem
poglavju 5 so povzeti rezultati disertacije.
Rezultati
Nizko-dimenzionalne podstehiometri£ne volfram oksidne plo²£ice so bile sintetizirane
v na²em laboratoriju s kemijsko transportno reakcijo (chemical vapour transport
- CVT). Reakcija poteka v kvar£nih ampulah, ki se nahajajo v temperaturnem
gradientu. Za£etni material WO3 se transportira iz vro£ega dela ampule (1133 K) v
hladni del (1009 K) s pomo£jo joda. Reakciji je dodana tudi manj²a koli£ina niklja,
ki deluje kot pospe²evalec rasti. Po kon£ani reakciji, ki traja 500 ur, se ampule
odpre, material pa odzra£i, dokler ves odve£ni jod ne odsublimira.
Podstehiometri£ne nizko-dimenzionalne volframove oksidne plo²£ice, WO3−x, rastejo
epitaksialno na W19O55 nanoºi£kah, tako da sta njuni b osi vzporedni. Ve£krat smo
opazili, da je plo²£ica iz obeh strani omejena z nanoºi£kami, kot je to prikazano na
Sliki 5.1. Plo²£ice rastejo v obliki kvadra, velike so nekaj µm, debele pa do 160 nm.
Povr²ina plo²£ic je obi£ajno gladka ali pa rahlo valovita, z globino valov okoli 10
nm.
Slika 5.1: V a) in b) sta prikazani posamezni WnO3n−1 plo²£ici z W19O55 nanoºi£ko
na robu; c) Skupek WnO3n−1 plo²£ic. Velikost merila je 1 µm.
Strukturo nanoºi£k W19O55 smo dolo£ili na podlagi HRTEM slik in TED uklonov,
morfologijo pa s pomo£jo SEM in AFM slik. Nanoºi£ke W19O55 so debelej²e od
plo²£ic, obi£ajno so debele med 100 in 200 nm, rastejo pa vzdolº osi b oz. smeri
[010]. Izmerjene razdalje iz HRTEM slik in TED uklonov se ujemajo s strukturo
W19O55 (PDF 00-045-0167) [116]. Nanoºi£ke lahko rastejo same, plo²£ice pa vedno
rastejo ob nanoºi£ki. Nanoºi£ke spadajo v homologno skupino podstehiometri£nih
volframovih oksidov s splo²no kemijsko ena£bo WnO3n−2.
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V disertaciji je bil poudarek na zikalnih lastnostih plo²£ic, v katerih so bili najdeni
novi nizko-dimenzionalni podstehiometri£ni volframovi oksidi, iz homologne skupine
WnO3n−1. Struktura plo²£ic je bila dolo£ena s pomo£jo HRTEM slik in TED uklo-
nov, ki so bile narejene v vseh treh smereh osnovne celice. Iz izbranih plo²£ic sem
izdelal dve TEM lameli, kot sem opisal v poglavju o metodah 2. SEM sliki izbranih
plo²£ic in TEM sliki njunih TEM lamel, so prikazane na Sliki 5.2. Ena TEM lamela
je bila narejena vzdolº nanoºi£ke (lamela A) ena pa pravokotno na ºi£ko (lamela B).
Slika 5.2: a) SEM slika naklju£no orientiranih plo²£ic; b,c) SEM sliki plo²£ic, upora-
bljenih za izdelavo TEM lamel. rti ozna£eni z A in B ozna£ujeta smer in poloºaj
pre£nega prereza; d) TEM slika lamele narejena iz plo²£ice na sliki b); e) TEM slika
lamele narejena iz plo²£ice na sliki c); rni pu²£ici v e) ozna£ujeta prelome znotraj
plo²£ice.
HRTEM slika lamele B je prikazana na Sliki 5.3. Semi periodi£ni kontrast pred-
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stavlja kristalografske striºne (CS) ravnine, zna£ilne za WnO3n−1. rna pu²£ica na
Sliki 5.3-a) ozna£uje za£etek nove CS ravnine. Na Sliki 5.3-b) je z belo pu²£ico ozna-
£eno prehodni del med plo²£ico in nanoºi£ko, ki kompenzira neskladje med obema
kristalnima strukturama. Iz slike je razvidno, da so CS ravnine v obeh primerih
enako orientirane.
Slika 5.3: a) HRTEM slika lamele B z semi periodi£nimi CS ravninami. rna pu²£ica
kaºe na za£etek nove CS ravnine; b) Prehodni del med nanoºi£ko in plo²£ico je
ozna£en z belo pu²£ico.
HRTEM slike posameznih WnO3n−1 stehiometrij, so prikazane na Sliki 5.4. Se-
dem stehiometrij je bilo opaºenih, od tega ²est prvi£. Nove stehiometrije so W18O53
(WO2.944), W17O50 (WO2.941), W16O47 (WO2.938), W15O44 (WO2.933), W14O41 (WO2.929)
in W9O26 (WO2.889), W10O29 (WO2.9) pa je ºe bila opisana v preteklosti [9]. Vse
zgoraj na²tete stehiometrije so bile napovedane [9], skupaj z modelom strukture.
HRTEM slike razli£nih stehiometrij s pripadajo£im modelom so prikazane na Sliki
5.4. Za vsako stehiometrijo so bili dolo£eni parametri osnovne celice, a, b, c in β, saj
se po modelu predvideva, da imajo vse stehiometrije monoklinsko prostorsko mreºo
s P2/a simetrijo. Vsaka stehiometrija je dolo£ena s ²tevilom atomov (razdaljo) med
CS ravninami. Stehiometrije se med seboj razlikujejo v velikosti parametra osnovne
celice c. Ta je bil dolo£en iz HRTEM slik, ki so prikazane na Sliki 5.4. Parametra
osnovne celice a in b sta za vse stehiometrije enaka in sta bila dolo£ena iz TED
uklonov, ki so prikazani na Sliki 5.5. Povpre£na vrednost za a je 16.7 Å, za b pa 3.8
Å.
Ujemanje med izmerjenimi vrednostmi a, b, c in β, ter vrednostmi izra£unanimi po
modelu se ujemajo in so prikazane v Tabeli 5.1. Iz HRTEM slik je bilo ugotovljeno,
da je najbolj pogosta stehiometrija W16O47. Kot je prikazano na Sliki 5.5-d), plo²£ice
rastejo z osjo b vzdolº nanoºi£ke in z osjo a pravokotno na njo. e izra£unamo
neskladanje med velikostmi parametrov osnovne celice nanoºi£ke in plo²£ice, ki v
ve£ini raste v W16O47 stehiometriji, dobimo, da je neskladanje v smeri osi b 1.7
% v smeri osi c pa 19.8 %. Slednje je preveliko, da bi lahko pri²lo do direktne
epitaksialne rasti plo²£ic iz nanoºi£k. Ravno v velikem neskladanju je morda razlog
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za stabilno rast plo²£ic iz nanoºi£k, ki je kompenzirana s prehodnim delom in tvorbo
multistehiometri£nih monokristalov.
Slika 5.4: a) HRTEM slike, kjer so prikazani volframovi atomi za: a) W16O47
(WO2.938), c) W14O41 (WO2.929), e) W15O44 (WO2.933), g) W9O26 (WO2.889) in
W10O29 (WO2.9) skupaj z pripadajo£imi osnovnimi celicami. Merilo na slikah je
1 nm. Simulirane strukture s pripadajo£imi osnovnimi celicami so prikazane za: b)
W16O47 (WO2.938), d) W14O41 (WO2.929), f) W15O44 (WO2.933), h) W9O26 (WO2.889)
in W10O29 (WO2.9). Pozicije volframovih atomov so bile izra£unane po modelu pre-
dlaganem v [9].V h) sta modela W9O26 in W10O29 zdruºena v eno sliko. Lo£uje ju
£rtkana £rta.
Tabela 5.1: Izmerjeni in izra£unani parametri osnovne celice a, b, c, in β
Izmerjeni Izra£unani
Struktura a [Å] b [Å] c [Å] β [◦] a [Å] b [Å] c [Å] β [◦]
W9O26 17.15 3.8 15.72 94.20 17.31 > 3.87 15.31 94.29
W10O29 17.21 3.8 18.36 108.98 17.31 > 3.87 18.14 110.44
W14O41 17.10 3.8 25.70 72.96 17.31 > 3.87 25.08 72.58
W15O44 16.90 3.8 26.14 86.02 17.31 > 3.87 25.76 84.84
W16O47 17.16 3.8 28.01 95.57 17.31 > 3.87 27.54 96.00
W17O50 17.20 3.8 30.82 73.77 17.31 > 3.87 30.55 72.40
W18O53 17.15 3.8 31.35 83.72 17.31 > 3.87 31.11 82.53
Iz XRD meritev je bilo ugotovljeno, da se pozicije vrhov v spektru najbolje prile-
gajo W16O47 stehiometriji. S pomo£jo ra£unalni²kega programa so bili parametri
osnovne celice W16O47 stehiometrije korigirani na na£in, da se je izra£unani spekter
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Slika 5.5: a) TED vzorec: a) [100] cona narejena na lameli A, b) [010] cona narejena
na lameli B, in c) [001] cona narejena pravokotno na bazalno ravnino plo²£ice. d)
Shemati£no prikazana relacija in orientacija osi v v plo²£ici in nanoºi£ki.
najbolje prilegal izmerjenemu. Izra£unana povpre£na struktura vzorca ima nasle-
dnje parametre osnovne celice: a = 16.04 Å, b = 3.88 Å, c = 28.48 Å and β =
96.07◦
Na WO3−x nanomaterialih smo naredili tudi XPS meritve, ki so pokazale, da ma-
terial vsebuje volframove atome v W6+ in W5+ oksidacijskih stanjih. Oksidacijska
stanja W5+ nastanejo zaradi pomanjkanja kisika v materialu, nahajajo pa se v CS
ravninah. Vrhove v XPS spektru, ki pripadajo volframu, smo pripisali fotoelektro-
nom iz W 4f7/2, 4f5/2, in 5p3/2 orbital. V materialu nismo zaznali vrhov, ki pripadajo
oksidacijskim stanjem 4+ ali pa kovinskemu volframu [81]. Tri vrhove je bilo mogo£e
razbrati iz XPS spektra, ki pripada kisikovi O 1s orbitali. Poleg vezi med volfra-
movi in kisikovimi atomi, je izvor vrhov moºen tudi zaradi C-O vezi v adsorbiranih
molekulah, Si-O vezi zaradi SiO2 ne£isto£ ali zaradi Ni(OH)2. Poleg kisika smo
identicirali tudi nikelj, ki se uporablja pri sintezi kot promotor rasti. Vrhove smo
pripisali Ni(OH)2 [16, 119]. Spekter valen£nega pasu nakazuje, da ni skoraj nobenih
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stanj v bliºini Fermijeve energije, kar pomeni, da je material polprevodnik.
Slika 5.6: a) Opti£na slika plo²£ice z W19O55 nano ºi£ko na spodnjem robu; b)
Ramanski spekter nanoºi£k W19O55; c) Ramanski spekter plo²£ic; d) Ramanski
spekter plo²£ic po oksidaciji na zraku za eno uro pri 873 K. A in B pu²£ici prikazujeta
smer polarizacije vpadne svetlobe.
Ramanske spektre sem posnel tako na plo²£icah kot na nano ºi£kah; spektri so
prikazani na Sliki 5.6. Spekter nanoºi£ke W19O55 je prikazan na Sliki 5.6-b). S
polarizacijo vzdolº nanoºi£ke (A) se pojavi vrh pri 301 cm−1 in dva prekrivajo£a
se vrhova pri 695 in 740 cm−1. Pri polarizaciji pre£no na nanoºi£ko (B) je spekter
sestavljen iz ²tirih ²ibkih vrhov pri 107, 193, 268 in 377 cm−1 ter dveh ²ir²ih vrhov
pri 726 in 819 −1. iroki vrhovi med 700 in 900 −1 so pripisani velikemu ²tevilu
W-O vezi z razli£nimi dolºinami [70, 121]. Spekter nanoºi£ke W19O55 se dobro
ujema s spektrom opisanim v literaturi [120]. Spekter plo²£ice, ki je prikazan na
Sliki 5.6-c) ima ve£ izrazitih vrhov, kar nakazuje na kristalno strukturo z manj²im
²tevilom to£no dolo£enih vezi med volframovi in kisikovimi atomi. V primerjavi s
spektrom monoklinskega WO3, je vrh pri 781 cm−1 premaknjen k ve£jim Ramanskih
premikom v primerjavi z vrhom pri 718 cm−1 v spektru WO3. Tak premik vrha
nakazuje na kraj²o vez med volframovi in kisikovi atomi. Zelo verjetno je ta nihajni
na£in povezan z vezmi med atomi znotraj CS ravnine. Ker v spektru ni vrhov
okoli 950 cm−1, plo²£ice ne vsebujejo volframovih hidratov in W=O skupin [58, 71].
Poloºaji vrhov v Ramanskem spektru plo²£ic so prikazani v Tabeli 5.2. Po meritvi so
bile plo²£ice oksidirane na zraku za eno uro pri 873 K. Ramanski spektri oksidiranih
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plo²£ic so prikazani na Sliki 5.6-d) in se popolnoma ujemajo s spektri monoklinskega
WO3 [73, 122].
Tabela 5.2: Pozicije in normalizirane intenzitete Ramanskih vrhov plo²£ic
A B
Premik [cm−1] Nor. int. [%] Premik [cm−1] Nor. int. [%] Vibracijski na£in
86.5 21 85 7 Mreºni na£ini
104.5 9 104 27
119.5 9 125 7
163 6
236 12 W-O upogibni na£ini
271 100
322 11 316.5 7
328.5 6
342 12 340.5 6
693 3 688 16 W-O raztezni na£ini
737 5
781 65 777 5
809 100 803.5 58
Opti£ne lastnosti materiala sem pomeril z UV-Vis spektroskopijo. Absorpcija pri£ne
nara²£ati pri okoli 550 nm (2.25 eV), v spektru pa se pojavijo tudi trije izraziti vrhovi
pri 325 nm (3.81 eV), 282 nm (4.40 eV) in 219 nm (5.66 eV), kot je prikazano na
Sliki 5.7. Ti vrhovi pripadajo prehodom iz stanj znotraj valen£nega pasu v stanja
znotraj prevodnega pasu. Iz dobljenih spektrov je bilo mogo£e izra£unati velikost
opti£ne energijske vrzeli med valen£nim in prevodnim pasom. Za direktni prehod je
velikost opti£ne energijske vrzeli pribliºno 2.5 eV, za indirektni prehod pa 0.7 eV.
Ker so XPS meritve pokazale, da v bliºini Fermijeve energije ni zasedenih stanj in
da je maksimum valen£nega pasu oddaljen za okoli 1.8 eV, je ve£ja verjetnost, da je
prehod direkten z energijo 2.5 eV.
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Slika 5.7: a) Spekter absorpcijskega koecienta plo²£ic dispergiranih v etanolu; b)
Del spektra a), kjer pri£ne absorpcija nara²£ati.
S KPFM (Kelvin probe force microscopy) smo izmerili izstopno delo plo²£ic tako,
da smo primerjali CPD (contact potential dierence) med HOPG in plo²£icami. Po
metodi, ki je opisana v poglavju metode 2, sta bili isto£asno narejeni tako AFM kot
KPFM sliki. Primer meritve je prikazan na Sliki 5.8. Plo²£ica je debela okoli 140
nm in ima niºji CPD kot HOPG. Niºji CPD pomeni niºjo vrednost izstopnega dela.
Vrednosti CPD so pri plo²£icah niºje od HOPG (od 170 mV do 510 mV). Vrednost
izstopnega dela za HOPG je 4.6 eV [124], iz £esar lahko izra£unamo, da je vrednost
izstopnega dela plo²£ic med 4.43 eV in 4.05 eV.
Slika 5.8: a) Non-contact AFM slika plo²£ice na HOPG; b) KPFM slika istega
podro£ja kot v a); Prola topograje plo²£ice in prola ustrezne Kelvinove slike
vzdolº £rt 1 in 2 sta prikazana na slikah c) in d). Merilo na slikah a) in b) je 200
nm.
Na plo²£icah je bila narejena tudi STM mikroskopija skupaj s STS spektroskopijo.
Meritve so bile narejene na ve£ plo²£icah in v ve£ razli£nih to£kah. Primer STM slike
je prikazan na Sliki 5.9-a). V ozna£eni to£ki na Sliki 5.9-a) je bila opravljena STS
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spektroskopija, katere spekter je prikazan na Sliki 5.9-b). Iz spektra smo nato izra-
£unali LDOS ((dI/dU)/(U/I)) in dolo£ili velikost energijske vrzeli, kot je prikazano
na Sliki 5.9-c). Energijska vrzel plo²£ic je med 2.3 eV in 2.8 eV.
Slika 5.9: a) STM slika plo²£ice. STM slika in pa STS spektroskopija sta bili
izvedeni pri naslednjih pogojih: U = 2.5 V, I = 0.8 nA. STS spektroskopija je bila
izvedena v to£ki ozna£eni na a); Pred izra£unom LDOS je bila I-U krivulja zglajena
in postavljena v izhodi²£e I-U diagrama; b) STS meritev in pripadajo£i LDOS v c).
Merilo na sliki a) je 500 nm.
Zaklju£ek
V sklopu doktorske disertacije smo izmerili elektri£ne, opti£ne in strukturne lastnosti
nizko-dimenzionalnih podstehiometri£nih volframovih oksidnih plo²£ic, WO3−x, z
razli£nimi eksperimentalnimi metodami.
WO3−x plo²£ice sem sintetiziral s kemijsko transportno reakcijo, kjer volframov (VI)
oksid transportiramo z jodom, dodani nikelj pa deluje kot pospe²evalec rasti. Plo-
²£ice epitaksialno rastejo na nanoºi£kah W19O55. V dolºino merijo nekaj mikrome-
trov, v debelino pa do 160 nm, kar se lahko razbere iz AFM meritev in SEM slik.
Tako nanoºi£ke kot plo²£ice odpravljajo pomanjkanje kisika s tvorbo kristalograf-
skih striºnih ravnin. Medtem, ko so striºne ravnine v nanoºicah enakomerno razma-
knjene, se njihova razdalja v plo²£icah spreminja. V posamezni plo²£ici so bile od-
krite nove stehiometrije: W18O53 (WO2.944), W17O50 (WO2.941), W16O47 (WO2.938),
W15O44 (WO2.933), W14O41 (WO2.929) in W9O26 (WO2.889), ki jih je Magnéli predvi-
del ºe pred skoraj sedemdesetimi leti [8, 9]. Struktura multi-stehiometri£nih WO3−x
plo²£ic je bila ugotovljena na podlagi HRTEM slik in TED uklonov. Parametri
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osnovne celice za vsako WO3−x strukturo smo primerjali s parametri, ki sem jih iz-
ra£unal s teoreti£nim modelom. Z XRD meritvami smo izbolj²ali parametre osnovne
celice povpre£ne strukture plo²£ic.
Prisotnost W6+ in W5+ atomov smo potrdili z meritvami XPS. Meritve XPS valen£-
nega pasu niso pokazale prisotnost stanj v bliºini Fermijeve energije, kar nakazuje,
da so plo²£ice polprevodniki. Meritve z Ramansko spektroskopijo so ²e dodatno
potrdile anizotropno strukturo plo²£ic, premiki Ramanskih vrhov pa nakazujejo na
kraj²e W-O vezi v plo²£icah v primerjavi z WO3. Z UV-Vis spektroskopijo je bila
izmerjena opti£na energijska vrzel plo²£ic. Plo²£ice imajo direktni prehod z enegijo
2.5 eV (496 nm).
Izstopno delo plo²£ic, ki je bilo izmerjeno s Kelvinovo mikroskopijo, se nahaja med
4.43 eV in 4.05 eV, kar je niºje kot izstopno delo HOPG in WO3. Energijska vrzel
plo²£ic, ki sem jo dolo£il iz gostote stanj s tunelsko elektronsko spektroskopijo, je
v razponu med 2.3 eV in 2.8 eV in se ujema z direktnim prehodom izmerjenim z
UV-Vis spektroskopijo.
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